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ABSTRACT

The results of an experimental investigation which
was performed in an attempt to locate the acoustic
sources in a jet-blown flap (jet-flap) are presented.
The method employed was a direct correlation technique
which is based upon the theoretical work of Curle. The
acoustic source strength distribution in the turbulent
flow field was measured for two far-field microphones
at 45° above and below the plane of the flap surface
by cross-correlating a processed signal from an inclined
hot-film anemometry probe with the signal from the
appropriate far-field microphone. An estimate of the
contribution made by the sources associated with the
fluctuating pressure on the flap surface to the sound
received at a far-field microphone was made by cross-
correlating the processed signals of microphones
which were embedded in the flap surface with the far-
field microphone signals. 1In addition, detailed fluid
dynamic measurements were made in the flow field of the
jet-flap using dual-sensor hot-film anemometry probes.

It was concluded that the secondary mixing region
which is formed downstream of che flap trailing edge is
a region of high acoustic emission, and that the acoustic

sources there are highly directional, radiating much more
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effectively to the far-field microphone below the flap

than to the one above it. Furthermore, a minor portion

of the sound received at the 45°-microphones is generated
by the pressure fluctuations on the flap surface,

and that this contribution comes from a small surface

area near the flap trailing edge. It appears that a large
portion of the sound received at the -45°-microphone was
due to an edge amplification effect which was theoretically

predicted by Ffowcs Williams and Hall
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CHAPTER I
INTRODUCTION

A promising contender for use on STOL (Short
Takeoff and Landing) aircraft is the jet-blowm flap
(jet flap). This device, which is shown in Figure 1,
consists of an airfoil with a trailing edge flap, whose
upper surface is blown tangentially by a high velocity
slot-nozzle jet which would be supplied via the bypass
flow of a turbofan engine. Another design which is
similar in principle to the jet-flap is the engine over-
the-wing concept (EOW). In this configuration, the air-
craft's engines are mounted above the wing in such a manner
that the upper wing surface is blown by the full exhaust
of _he jet. Figure 2 shows a prototype of an aircraft using
the EOW concept which is currently under development at
the Boeing Aerospace Company.

The development of future STOL programs depends
on t . ability of STOL devices to meet existing Federal
‘ec-noise emission standards. Upper surface blowing
(USB) schemes, such as the jet-flap and the EOW, were
initially considered to be very attractive from the
acoustic standpoint, since it was believed that the
folid surface might act as a shield against high

frequency noise produced in the jet mixing region
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Figure 1. Jet-Blown Flap.

Figure 2. Boeing EOW Prototype.

Source: Foody, J. J. "YC-14 Status Report."
Air Transportation Meeting of the Society of Automotive
Engineers, Inc., New York, N.Y. SAE paper 760539,
May, 1976.



above it, and, for the EOW, turbomachinery noise produced
by the engine. However, early tests [l1] of USB models
showed that the interaction of the flow field and acoustic
field of the jet with the solid surface caused serious

noise problems. With the recent progress which has been
made in reducing jet-noise by the use of high bypass engines
and acoustically treated inlets, it seems possible that a
"noise floor'" for a STOL aircraft using USB, may be set by
the noise which is produced by the device itself.

In order to develop a successful noise suppression
program £or USB configurations, detailed knowledge of the
acoustic sources is required. To date almost everything which
is known about the acoustic sources in USB configurations
has been derived indirectly from far-field acoustic
measurements made in parametric studies. A notable excep-
tion is the work done by Schrecker [2]. Because the
acoustic sources are distributed throughout relatively
large regions of space, it is difficult to obtain
quantitative information about the source strength at a
particular point using only far-field microphone
measurements. Improvement in resolution can be obtained
by the use of a directional microphone. Such a technique
was employed by Grosche [3] in an attempt to locate the
acoustic sources in a model jet-flap configuration.

Unfortunately, these devices offer adequate spatial



resolution only at high frequencies. Nevertheless, Grosche
was able to show that the flap trailing edge and the
turbulent flow region which is formed downstream of the
edge are locations of high acoustic emission.

A more promising method for acoustic source
location is the cross-correlation technique. 1In this
method, an acoustic source quantity, such as the fluctuating
pressure on a solid surface or turbulent flow fluctuations,
is cross-correlated with the sound at a far-fi2ld location,
making it possible to measure directly the cause-effect
relationship between a source point and field point.
This technique was used by Lee and Ribmer [4], and
more recently by Seiner [5], to locate the acoustic
sources in a laboratory-scale incompressible, circular jet.
In these investigations, the filtered signals of a hot-
wire (film) anemometry probe and a far-field microphone
were croscs-correlated to yield the power spectrum of the
acoustic source strength at positions in the jet.
Siddon [6] measured the acoustic source strength
associated with the pressure fluctuations on the surface
of a small plate immersed in a turbulent jet, by cross-
correlating the signal of a far-field microphone with that
of a microphone embedded in the plate surface.

In the present investigation, acoustic source strength

distributions are measured for a laboratory-scale jet-flap



at two far-field positions using the cross-correlation
technique. The test model, which is shown in Figure 3,
consists of a rigid, smooth, straight flap whose upper
surface is blown tangentially by a slot-nozzle jet.
A straight-flap model was chosen because it is easier to
fabricate and instrument than an airfoil, but it possess
similar flow characteristics which are relevant to noise
generation. The acoustic source strength at a point in
the turbulent flow field is obtained by cross-correlating
the processed signal of a hot-film anemometry probe with
that of a far-field microphone. The acoustic source
strength associated with the fluctuating pressures on the
flap surface is obtained by cross-correlating the processed
signal of an embedded microphone with that of a far-field
microphone. 1In addition, turbulence quantities and
far-field acoustic data are measured for the jet-flap and
compared with that of the slot-nozzle jet without the flap.
This dissertation is arranged into six chapters.
Chapter II presents a theoretical foundation for acoustic
source location using the cross-correlation technique.
Chapter III gives the details of the test model and
instrumentation used for data acquisition. Chapter IV
contains the results of the turbulence measurements per-
formed for the jet-flap and the slot-nozzle jet without

the flap. In Chapter V the acoustic source strength



Slot Nozzle

Figure 3. Jet-Flap Model.



distributions for the jet-flap are presented, in addition
to far-field acoustic data for the jet with and without
the flap. Finally, Chapter VI summarizes this study and

presents the conclusions that can be drawn.



CHAPTER 11
THEORETICAL DEVELOFMENT FOR ACOUSTIC SOURCE LOCATION
1. DERIVATION OF AN INHOMOGENEOUS WAVE EQUATION

In this chapter, a causal relationship will be
established between a general turbulent flow field and its
associated acoustic field. Appropriate simplifications are
then made for the specific flow under investigation, and the
causal relationship is developed in terms of cross-correlation
functions between acoustic and flow parameters.

The conservation equations for mdss and momentum for a

single-phase fluid with negligible body forces are:

9p 9 _

3+ g (P = 0 (2-1)

= (pq.) + = ( y + 3 _ 0tij . 0 (2-2

3t ‘P94 axj PA;9; 9%, axj h -2)
where,

X; = Cartesian coordinates; X1, X9, Xg,

9y = the components of the instantaneous

velocity vector,
3 = the components of the instantaneous
viscous stress tensor,

the instantaneous fluid density,

©
"

P = the instantaneous fluid pressure.
8



Dif .erentiating Equation (2-2) by Xg and equation (2-1) by ¢t,

then subtracting the former from the latter yields:

sz azp - 32 )
ot? - axiaxi axiaxj (pqiqj Tij) . (2'3)

Now by adding co'2 32p/at? to borh sides of Equation (2-3),

it is possible to form an inhomogeneous wave e ‘on:
1 23?p 3%p 32
- = (pq;q. - 1..) +
c02 3t2 axiaxi axiaxj i’j ij
2
187 (p - c4%0), (2-4)
cg® at?

where o is the speed of sound in the fluid at rest.

Define:

T, . (X’!t) = (inqj - T;j),

- 1 .2
S (xi’t) = - (p o p),
€0
and
32T, . 2
Fo(x;,t) = sai+ 2 S |
1973 at?

Then Equation (2-4) can be written as:

L 22 . 3% L F (x;,0). (2-5)
co’ at? i%%i



This non-homogeneous wave equation forms the basis of

the Lighthill {7] acoustic analogy.
2. THE LIGHTHILL ANALOGY

In a region which contains a uniform medium at rest,
Equation (2-5) reduces to the equation of linear acoustics.
The rvessure perturbations about the ambient pressure, Po:

are governed by:

1 32p' alp' _
= o T o O (2-6)

where,

P' = (p - pg-

The right-hand sidc of Equation (2-5) vanishes for the

following reasons:
(1) ¢

velocities, and are negligible compared to the

i1y are the products of the perturbarion

linear terms. Also the effect of viscosity

on the perturbed quantities is knuwn to be
negligible except over extreme distances, there-
fore

32

axiaxj (Oquj - T".j) A 07 (2'7)
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(ii) the perturbations in density above the
ambient density, P are related to the
pressure perturbations by an isentropic

equation of state:

P’ = co’p’ . (2-8)

where the perturbed density, p', is

written as
o' = (p - o) -

Then expressing S (xi,t) in terms of the perturbation
quantities, it is clear that S (xi,t) is identically zero.
If there is a turbulent flow field embedded within an
ambient wedium at rest, then F (xi,t) will be different
from zero there. However, in the ambient fluid which
surrounds the turbulent flow, F (xi,t) will again vanish
according to the previous arguments, and the relevant
pressure flucutations will be acoustic. ighthill proposed
that the effect of the turbulent flow field upon the
acoustic field in the ambient medium could be described
by an analogy between F (xi,t) and a distribution of
acoustic sources in a medium at rest. That is, one may
imagine that the turbulent flow is replaced by a
distribution of sources in the ambient medium which are

equal to F (xi,t). then the pressure field in the ambient



medium is described by Equation (2-5), which, in view of
Lighthill's unalogy, may be treated as a classical

inhomogeneous wave equation.
3. GENERAL SOLUTION OF THE WAVE EQUATION

If F (xi,t) can be regarded as known, at least in
principle, then a soiution of Equation (2-5) exists, and
has been developed rigorously by Stratton [8]. The

solution for the pressure field in the ambient media is

given by:
p' (x,,0) = lfl[F]dV(y)
i’ 4L r i
\Y
’r ]
1 1L ap| , 1 or
+ KFJ[ r lanl t = s [P]
r
A
1 23r {ap
v [at] )dA (v . (2-9)
where,
V = the region occupied by the turbulent flow,
A = the surface that bounds a region, R, which
contains the ambient fluid and the embedded
turbulent flow,
x; = coordinates of a field point where the acoustic
pressure is to be calculated,
y; = coordinates of a source point where F (yi,t)

is considered known,

12



n, = a unit vector normal to and drawn outward
from a differential area dA (yi),
r = the distance between the field point and

source point, i.e., Ixi - yi‘ )

The square brackets in the integrand denote evaluation at

a retarded time, t* = (¢t - 10), where Tp = r/co.

Figure 4 illustrates the notation of Equation (2-9)

for a general region R, where a Cartesian coordinate system

has its origin at 0.

Figure 4. Notation for Eq. (2-9)

13



The shaded region in Figure 2-1 is the embeddea
turbulent flow field.

If only the sound far from the flow field is of
interest, Equation (2-9) can be simplified by using vector
identities and requiring that:

C

and
ro>> L,
where,
f = the frequency of the pressure fluctuations,
i.e., acoustic frequency,
£ = characteristic length of the turbulent

flow field.

The first condition insures that the pressure perturbations
and velocity perturbations are in phase, and is known as
the acoustic far-field condition. For the acoustic far-
field, it can be shown that the space derivatives of
Equation (2-9) can be replaced by time derivatives. The
second condition, upon placing the origin of the coordinate
system near the source region, allows the approximation

T A |xi|. The algebra involved in these simplifications
is quite lengthy and will not be presented here. Complete
details may be found in reference [9]. The solution for

the far-field acoustic pressure is:

14



32
latz (Tij+ S)} dv (yl)

s [ 3 - ]
+ - 5t Py dA (v, (2-10)

where ﬁi’ the fluctuation of the resultant force which
the area element dA exerts upon the fluid, is ;iven by:

P; = nj ((p -~ Pp) 845 ~ (Tij - (Tij)m) ;

where P and (Tij) are the local ensemble averaged values
of the pressure and the viscous stress tensor, respectively.
Furthermore, Equation (2-10) assumes that any material
surfaces which comprise a part of A can be treated as
either rigid or anechoic. The contribution of an

integration over an anechoic surface is zero.

4. APPROXIMATIONS FOR THE JFT-BLOWN FLAP

In the present analysis, the turbulent flow field and
acoustic field of a laboratory-scale jet-blown flap is
investigated. The jet-blown flap configuration consists
of a slot nozzle air-jet with an attached straight flap
.which has a tapered trailing edge. Figure 5 is a schematic
representation of the jet-flap configuration. Figure 6

illustrates the vector notation of Figure 4 as applied

15
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to the jet-flap configuration. The origin of the coordinate
system is at the exit-plane of the slot nozzle; the
X1X3—p1ane is parallel to the plane of the flap surface.

The vector y; sweeps the entire turbulent flow-field

and the surface of the flap. The surfaces that enclose

the region are assumed anechoic, except for the flap
surface, which is rigid.

The flow field of the jet-blown flap can be divided
into five regions: the potential core, the primary
mixing region, the secondary mixing region, the fully-
developed region, and the turbulent boundary layer on the
flap surface. These regions are shown in Figure 5. 1In
all of these regions, except perhaps in the laminar sub-
region of the turbulent boundary layer, inertia effects

dominate viscous effects, and it is possible to make the

approximation,
32 N 32 _
P Tij v Se? quQj (2-11)

In the mixing region of a cold subsonic jet, the
effects of heat conduction should be small. This is
because the temperature differences in the flow are small,
as is the thermal conductivity of air. The irreversible
effects of viscosity on the flow are considered small to

the extent that deviations from

18



= 2
dp o dp
are not large. Then:

P - cozpteconstant

and,

32
> Sx0 (2-12)
at

Using Equations (2-1l1) and (2-12) Equation (2-10) is

written:
xix. 32
p'(x;,t) y ——d— pa;q.| 4V (y;)
3 2 173 1
arcg ] * vy Lot
X.
i 3 -
+ — i [ 2 5.1 dA (y.) (2-13)
4TTCO lxil 2 [31: l} 1

A

The second order tensor, Xixj’ is not a function of
time or the source vector Yi» therefore xixj can be taken
inside the volume integral and included in the argument
of the derivative ogperator. Then by carrying out the

indicated tensor operations, it can be shown that:
- 2 2
Xiquiqj ]xﬂ Vx ’

where Vx is the instants eous velocity component in the

X direction and,

19



2 - 2 2 2
xil DXt x4 xg
Similarly for the surface integral:

x; By =[xy [Py cos o,

where 6 is the angle between n, and Xy - Furthermore,
Curle [10] has reported that the mean square value of the
pressure flucutations in a turbulent boundary layer are

at least 30 times larger than the mean square value of the
skin-friction fluctuations. Therefore, l%il can be
approximated by the fluctuations of the hydrodynamic

pressure. 1i.e.,

Ip;] & @ - py.
and
3% |5i| = 5% P

Equation (2-13) then reads

at?

+ cos 9(4nc0 |xi|)-ljf-[%%] A (yi). (2-14)
A

_ 2
p' (xy,t) 3 (41pgyy |xi|) 1[ {_3_ (OODVZX)} dv (y;)
\

where the ideal gas relationship,

YPg
)

2

CO -

20



is used in the first term of Equation (2-14). For air, vy,
the ratio of the specific heats, equals 1.4. Equation
(2-14) is equivalent to an equation developed by Curle

in reference [1l1].

5. CORRELATION ANALYSIS

The turbulence quantities of a jet with steady plenum
conditions are, in general, statistically stationary, as
is the sound produced by the jet. The autocorrelation

function of the far-field sound is written as:

R,

p'p’ (Xi,T') = p'(xi,t) p' (xi,t + '),

(2-15)
where t1' is an arbitrary time increment and the overbar
denotes a time average. It should be noted that
Rp'p' (xi,T') is not a function of t, but depends only
on x. and t'. Multiplying both sides of Equation (2-14)

by p' (xi, t + 1') and averaging yields:

-1
Ryrpr CxpsT') & (4mpg [x4] v)
(2-16)
M 2
*p'o(xg, t ') X dv (y.)
1 at? 1
\'
-1 3 N
+ cos 6 (4mc Ixil) p'(x;,t+1") [ [_a?pJ da
A
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where,

2 _ ?
M popvX .

Since p' is not a function of Y; it may be placed inside
the integrals. The averaging process is assumed to
commute with the integratior process, so that:

, -1
Rp'p' (xi,T ) (4ﬂp0|xi|y)

32 ' '
'j; 5;; sz} p (xi, t + 1') dv (yi)

+ cos © (4nc0|xi|)-ljf [%%] p'(xi,t-+T')dA (Vi}.
A (2-17)
It is convenient at this time to introduce a
different notation scheme for retarded-time evaluation. The
square brackets, which indicate retarded-time evaluation
of the integrands, will be replaced by conventional

functional nctation, i.e

32y 2
atz X

where, as before, t* = t - To- Using this notation, the

*

32
— M 2% (t%),
a2 X

integrands of Equation (2-17) can be written as cross-
correlation func:ions between the far-field sound and

flow parameters:

22



‘ ‘ -1
(4"va :xi|) { Rﬁxzp'(r) dv (yi)

+cos 0 (lmcolxil)"‘[ Rf)p' (1) da (yi) , (2-18)
A

where
Ri pr (0 = LM (00 pt (6% + ),
Ry o0 (T) = 5gp (£9) p' (% + 1),
and
T = TO+ T'

The mean-square value of the far-field sound is equal

to its autocorrelation function evaluated at ' = 0,
i.e.,
‘2 - 4
P (xi't) Rp'p' (Xi,'l' )
' =0
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Then,

'Y (x5, 0) = (4“Po'lxi|Y)-1[Rﬁ 7{To) 4V (3)
X
"y

+ coso (4ﬂc0|xip —IJ/- RPIV (1) dA (yi)(2-19)
A

The volume integrand, Rﬁ 25" (TO), represents the
contribution to the mean%square value of the far-field
sound produced by a differential volure of turbulence.
Similarly, Rb P’ (TO) is the contribution from a
differential area on the flap surface. The mcasurement

of these inteyrands is the primary purpose of this

investigation.

6. MODIFICATIONS FOR MEASUREMENT

The measurement of Rﬁ D' (1y) can be accomplished
directly by cross-correlating the signal from a far-field
microphone with the time derivative of the signal from a
microphone embedded in the flap surface. The time derivative
of the embedded microphone signal can be obtained using
an analog differentiation circuit. The measurement of
Rﬁ 20 (TO) can be obtained indirectly by cross-correlating
a twice-differentiated hot-film anemometer signal with the

signal from a far-field microphone. Recall that:
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2 2 -
M, oopvx = (DOVx) (pvx)

The output signal of a hot-film anemometer probe is a
function of the momentum component normal to the probe
axis (See Chapter 3 for probe detail.) Therefore it
would be convenient to be able to express sz in terms of
the quantity (pVx), so that direct measurement with a
suitably positioned probe would be possible. For this

reason it will be assumed that:

2 = 2
M (on) ,
or
Y
Mx \pVx)

The instantaneous momentum, Mx’ can be decomposed

into a mean value and a deviation from the mean value, i.e.,

M = M +nm

X X X
where
Mx = the mean wvalue of Mx’
and
m. = the deviaticn of M_ from M .
X X X
Then:
2 _ 2 2
B M2 o= W Lm o+ Ao m?,
at? X X 3¢2 X at?
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and:

Rﬁ 2p- (1)

Zﬁx &;lxp' (T) + R&;Zpl(r)

X (2-20)
where:
32
~ (1) = m 2 (t%) p' (t*x + 1) ,
Rmxp st X
R 2pr (0 = 2 m ? () p' (&% + 1)
X p atz X

Placing these results into Equation (2-19) yields:

e e s ——

p' Z(Xi,t) z (l}‘ﬂ"polxil Y)-i[ ZﬁXRl.I.lp'(TO) +
\'

Rizpe (10| &V (v

+cosO(4nc0xi)-1[ Rpp' (TO) dA (yi) (2-21)
A

Ti.e first term in the volume integrand is known as
shear noise because it is thought to represent the noise
venerated by the interaction of the turbulence with
the mean flow. This quantity is obtained by measuring m'
with a hot-film anemometer probe at Vi differentiating the
anemometer signal twice with an analog device, and

cross correlating the differentiator output with the output

26



of a far-field microphone at X, . The second term in the
volume integrand is the ''self noise'" contribution; so

called because it is thought to represent the noise

produced by the interaction of the turbulence with itself.
This term is obtained in a similar manner as the shear noise
term, except that the anemometer signal is squared in an
analog multiplier before being differentiated. A

schematic of the measurement technique is shown in Figure 7.
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CHAPTER ITI
EXPERIMENTAL EQUIPMENT AND DATA ACQUISITION
1. THE JET FACILITY

The experiments were conducted in an anechoic room
located at the NASA Lewis Research Center in Cleveland, Ohio.
The working dimensions for the anechoic room are 50' x 44'

x 18', and the room's cut-off frequency is 35C Hz. High-
pressure air is supplied to the anechoic chamber from a
central supply station, which supplies air to other
laboratories at Lewis Center. The high-pressure air enters
the anechoic room via a 4 inch diameter supply pipe. Connect-
ed to the supply pipe is a 10 inch diameter stilling chamber,
which is 44 inches in length and mated to the slot nozzle

by a transition piece, as shown in Figure 8. The air
within the stilling chamber is expanded isentropically by
the test nozzle to the ambtient atmosphere in the anechoic
room. About midway in the stilling chamber there are two
screens used to damp large scale flow disturbances and

stop the passage of any large particles which might be
suspended in the flow.

In the stilling chamber, near the transition piece,
there are two taps for measuring the static pressure and
temperature. The stilling-chamber pressure is controlled

by means of a remotely operated Globe valve which regulates
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the flow-rate from the central high-pressure supply. Two
electrical pressure transducers were used to measure the
stilling chamber pressure and the ambient pressure in the
anechoic room. The signal from the ambient pressure
transducer was divided by that of the stilling chamber
transducer by an analog ratio circuit, processed by analog-
to-digital converter, and displayed at the flow controller's
console as a 3 digit decimal fraction. The pressure ratio
indicates directly the isentropic Mach number at the nozzle
exit plane. The pressure ratio was extremely stable during
all of the tests, indicating the lack of large-scale
disturbances or other unsteady phenomena with.n the stilling
chamber. The stilling chamber temperature was, in

general, within 10 degrees Fahrenheit of the anechoic room
ambient temperature.

The test model consists of a aluminum slot nozzle with
an attached aluminum straight flap that contains two
microphones mounted flush with the flap surface. The
slot-nozzle height is .3 inches, and its span is 3.9 inches,
thus making the aspect ratio of the slot nozzle equal to 13.
The flap is 3 inches long and has a span of 10 inches.

The non-dimensional length of the flap, based on the
slot-nozzle height is 10. The test model is shown in
Figure 9. The flap with the embedded microphones was only

used for obtaining the data for the cross correlation of
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the surface pressure and the far-field sound. For all
other tests, this flap was replaced with an unperforated
smooth flap in order to save the embedded microphones

from needless exposure to the turbulent flow.
2. THE TEST SET-UP

The test model, transition piece, and rtilling
chamber are suspended 9 feet above the floor of the anechoic
room. A quarter-circle of stand-mounted microphones is placed
at a radius of 12.666 feet from the nozzle exit plane, as
shown schematically in Figure 10. The 45-degree micro-
phone was used for the cross-correlation experiments, and
with the hot film probe removed from the flow, the entire
quarter circle was used for acoustic measurements. Both
the free-field and embedded microphones are manufactured
by the B & K Company and are %' in diameter. Mounting of
the embedded microphones was facilitated b, flexible
adapters supplied by B & K. The transition piece and test
model could be rotated, so that acoustic and flow data could
be obtained for the Xlxz-plane and the X1X3-plane. without
moving any of the far-field microphones.

The hot-film probes were positioned in the flow by a
remotely-operated 3-axis traversing mechanism. The
traversing mechanism was mounted beneath t1e stilling

chamber on 4 massive steel columns which were anchored to the
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Figure 10. Overhead View of Test Set-Up.

34




concrete sub-floor of the anechoic room. The traversinz
mechanism is shown in Figure 11 This photograph was

made during the installation of the traversing mechanism;
the test model was not mounted. The traversing system
consists of two moving platforms, A and B, a rigid boom,

C, and a mounting tube assembly, D, which moves vertically
at the end of the rigid boom. Platform A moves parallel

to the jet axis along rails and a threaded shaft which are
attached to the supporting frame, E. The rigid boom 1is
fixed to platform B. The probe holder, F, is held by the
mounting-tube assembly, which moves vertically along its
threaded shaft as A and B move in the horizontal plane. The
threaded shaft is the right-hand shaft in the mounting-tube
assembly. Figure 12 shows the probe-mounting configuration
and directions of traverse.

Three remotely controlled electric drive-motors move
the two platforms and probe-mounting assembly. The
position of A establishes the Xl-coordinate of the probe,
and the position of B and D establishes the X2 and X3-
coordinate, respectively. The positions of A, B, and D
are measured by 3 absolute-displacement digital encoders
which are connected to the threaded drive-shafts of A, B.
and D by precision gears. The encoders measure the displace-
ment of A, B, and D along their threaded shafts relative

to a fixed origin. The outputs of the encoders are digital
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signals which were procescsed and displayed remotely at
control-boxes located in the anechoic-chamber control room.
There is a control-box for each axis, and movement along an
axis is accomplished by entering the desired coordinate

via a thumbwheel-switch which is located directly above

the position display on the front of the control-box. The
axis drive-motor is then energized by th- control-box

logic until the axis position corresponds to the thumbwheel-
switch setting. There is also a non-automatic option which
allows axis-movement under manual control. The traversing
system, which was custom-built by the . 2. Smith Company,
Cleveland, Ohio, was judged accurate to within + 1 =milli-
meter. An actual test set-up is shown in Figure 13. The
dust covers on the microphones are removed during data

acquisition.
3. DATA ACQUISITION FOR CROSS-CORRELATIWN ANALYSIS

The measurement of Mx’ which was needed for the off-line
evaluation of Rﬁxp. (10), was accomplished using a constant
temperature hot-film anencxetry probe whose sensor filament
is inclined at a 45 -degree angle. The axis of the sersor
is normal to Mx’ and, since the heat transferred from the
sensor element is almost totally determined by the momentum
normal to its axis, Mx can be measured directly. Tigure 14

shows an exaggerated view of the DISA 55R02 probe used
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1. Probe sensor filament (70 uym dia.)
Probe body (1.9 mm dia.)

Probe Holder (4 mm dia.)

sow N

Co-ax cable and connector

9.25"

7 S

Figure 14. DISA 55R02 Probe and Probe ilolder.
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for measuring Mx. The probe sensor filament is maintained
at a constant temperature by a DISA CONSTANT TEMPERATURE
ANEMOMETER (CTA), Model 55D01. The CTA electronically
senses the heat transfer from the sensor element and
provides an output voltage which is a function of Mx' The
output of the CTA is not a linear function of Mx’ so it is
electronically processed by a DISA 55D10 Linearizer, whose

output voltage, ey - is directly proportional to Mx.

X
That is:
Mo T Sey
where,
™)
8 = ¥ ref
(ey ) '
X ref
M) = a known reference mass flux,
X ref
(eM ) = the value of ey with the probe
X p's
ref

inserted in the reference flow.

A detailed discussion on the measurement of M, by use of a
hot-film probe is presented in Appendix A. A reference
mass flux is available at the slot-nozzle exit-plane,
where flow conditions can be calculated using isentropic
flow theory. A typical linearization curve is shown

in Figure 15A, which is a graph of the linearizer output

voltage for a given mass flux. Figure 15B is a graph of
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the corresponding unlinearized voltage at the CTA
output.

Since the cross-correlation analysis was an off-line
operation, all requisite data had to be recorded on
magnetic tape. A Sangamo Sabre III, FM, 14-Channel recorder
was used for this purpose. The Sabre III recorder was
operated at a speed of 60 inches per second in the wide-
band mode. In this configuration the Sabre III has a
bandwidth of 40 kHz. Only fluctuating quantities were
recorded, therefore all of the CTA signals that were to
be recorded were AC-coupled (DC-component removed) to the
tape deck with B & K general purpose amplifiers. Use of
the amplifiers also allowed the amplitudes of the signals
to be adjusted so that the full dynamic range of the tape
recorder could be utilized.

A schematic representation of signal processing and
recording of turbulence and acoustic data is shown in
Figure 16. Note that physical quantities appear in the
schematic instead of their voltage analogs in order to
avoid confusion. The unlinearized output of the CTA was
recorded on channel 1 of the tape deck. The output voltage
of the linearizer was monitored with a B & K digital
voltmeter, by which ﬁx was measured, and then recorded
on channel 3 after the DC-component had bren removed by

amplifier 3. The output of amplifier 3 was connected to
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an analog squaring circuit whose output was recorded on
Channel 4. Amplifier 4 was used solely to optimize the
amplitude of the squared signal for recording. Channels 5
through 12 were used to record the acoustic data from the
quarter circle of microphones. Channels 3, 4 and 8 are
used off-line for the cross-correlation analysis. The
outputs of the amplifiers were connected to a General
Radio 1/3 octave analyzer so that on-line spectra of all
channels could be obtained.

Data acquisition for the off-line evaluation of Rp-p.(To)
was similar to that shown in Figure 16, except that the
fluctuating surface pressure, P and Py from the embedded
microphones were recorded on Channels 1 and 3 respectively.
No hot-film probe was present in the flow during this test.
As before, an on-line 1/3-octa.e¢ analysis is carried out on

all data channels.
4. DATA ACQUISITION FOR FLUID-DYNAMIC MEASUREMENTS

The fluid-dynamic measurements,which are discussed in
Chapter IV, were acquired on-line using a dual-sensor hot-
film probe, DISA 55R51. The probe consists of two sensor
filaments which are inclined at 45 degrees and 135 degrees,
so that when viewed in a plane parallel to the prube-axis
plane, an "X" is seen. The dual sensor probe is shown
in Figure 17A. Each of the sensor filaments is connected
to its own CTA and linearizer, thus forming two separate
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Filament 1 (70um dia.)
Filament 2 (70um dia.)
Probe body (2.3 mm dia.)
Mounting tube (6 mm dia.)
Co-ax Cables

9.25"

W B W N

A. Probe and Holder

B. Filament Geometry

(v.) v.)
n’, n’, 450
X,

Filaments 1

Figure 17. DISA 55R51 Probe and Associated Geometry
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channels as shown in Figure 18, which is the data acquisition
schematic for the fluid-dynamic measurements. Each channel
is linearized independently using the same value of 8.

Linearization is done with respect to velocity, so that

\'j
(=
g = ref
lens ’
ref
where
c* = the speed of sound at the nozzle exit plane,
Vo = the velocity normal to the sensor filament
which is known from a reference flow,
(en)ref = the linearizer output voltage when its

associated probe sensor filament is in the
reference flow.
The non-dimensional axial and lateral velocities, Vllc* and
Vzlc*, are proportional to the sum and difference of the
two lirearizer signals, respectively. This may be demonstrat-
ed by letting (Vn/c*')1 and('V'n/c*)2 be the velocity compon-
ents normal to sensor filaments 1 and 2, respectively.
Then in terms of the axial and transverse velocities,

Vllc*, V2/c*, (Vn/c*)1 and (Vn/c*)2 can be written as:
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r -
v \')
n 1 2
) = cos 45° +
) &
r
= cOo8 -
&, & F
See Figure 17B for geometry.
Then:
\'/ \'/ v
D) + () =2cos 45° L,
c c c
1 2
\'j v
n n o 2
- = 2 4 .
(E;E) (Z?;) cos 45 E-*-

1 2

In terms of the linearizer voltages these equations read:

[~ n
v
° 1
B -(en)l + (en)zJ = 2 cos 45 (E;Q,
[ l o V2
B (en)]_ - (en)z“ = 2 cos 45 (';*),

(e.) = the output voltage from linearizer 1,
(e.) = the output voltage from linearizer 2.

The sum and difference of (en)1 and (en)2 were calculated
by analog operational amplifiers manufactured by the

Zeltex Corporation.
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The traversing mechanism moves the dual-sensor probe
across the jet at various axial stations while
simul taneously providing an analog voltage to drive the
horizontal axis of 3 graphing machines. The non-dimensional
instantaneous velocities, Vllc* and V2/c*, can be decompos-

ed into their mean and fluctuating components, so that:

V1 Vl + vy

* - %
c C

V2 B VZ + vy
T T

where Vl and VZ are the mean values of Vl and V2 respectively,
and Vi and Vo are the corresponding fluctuating components.

Two three axis graphing machines were used to plot V,,

\/ ;I?-, and szdﬁggi against the probe's position in the
flow. Hewlett-Packard RMS voltmeters were used to measure

V'Vif_ and\/si?: . The time-averaged product of the
fluctuating velocities, VIV;, was calculated by a DISA
55D70 Analog Correlacor and plotted against the probe's
position by a two-axis recorder.

The fluid-dynamic data-acquisition equipment had a
minimum bandwidth of 40 kHz, which is adequate fcr the
accurate measurements of the turbulence spectrum. Error
in the measurements arise from two principle sources —

linearization with respect to velocity and the assumption
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that heat transfer from the sensor filaments depends

only on the normal flow components (Mn)l, (Mn)z‘ As
discussed in Appendix A the mass flux, an, is the proper
parameter for linearization in a compressible flow.
However, it was not possible to use this method with the
dual -sensor probe because of the requirement that B8 be

the same for both channels. The linearizers, when set-up
to yield a voltage proportional to an, did not have

the control range necessary to establish a common 8.

Since the solution of this problem would have required
extensive equipment modification, linearization with
respect to velocity was chosen as an alternative. Also
discussed in Appendix A 1is the error caused by neglecting
the heat transfer from a sensor-filament because of tangen-
tial and spanwise flow. Therefore, the fluid-dynamic
measurements should be interpreted as qualitatively correct
and useful for comparative analysis between different

flow regions, but lacking in absolute accuracy.
5. THE CROSS-CORRELATION ANALYSIS

The acoustic source distribution in the flow was
determined by the evaluation of the integrands of Equation

(2-21). The volume integrand consists of the shear-noise

component, Rﬁxp' (1,), and the self-noise component,

. 2.1 (1) where,
Rmx P o
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' 32
Rﬁ p' (To) = Rp'ﬁ (-ro) = [p (t) x ;E; mx(t-r)]

X X
T=T,
(3-1)
Ri2pr (1) = Ry 2 (=)= [%'(c) x ;%; mx7(t-1ﬂ
T= TO
(3-2)

where an overbar denotes a time average. The integrand of the

surface integral, Rp p'(To) is given by

Rp pv(To) = Rp'p (-1,) = [p’(t) X %% (t-r{]

T =1
o]

(3-3)

The cross-correlation functions (3-1), (3-2), and
(3-3) where measured using analog differentiators and a
Federal Scientific UC-201A digital correlator. The
signals to be cross-correlated are selected from the data
tape produced at the anechoic facility. A Sangamo Sabre IV
FM~tape deck was used to reproduce the recorded signals,
which were subsequently re-recorded by a Sangamo 3500
FM-tape deck which was operated ir the loop-mode at a speed
of 60 inches per second. The Sangamo 3500 has a 20 kHz

bandwidth in this configuration. Operation in the
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loop-mode allows a tape-loop to be used for recording and
reproduction. In this way the one minute record length
of the recorded signal was synthesized into : signal with
an infinite record length. This technique was necessary
bercause the measurement of a typical cross-correlation
function required approximately twenty minutes.

Figure 19 shows schematically the processing of the

recorded data for the measurement of Rp.ﬁx(—ro) or

Rp.ﬁxz ('To). Channel 8 of the tape-loop contained the
45°-microphone signal. Channels 3 and 4 contain the

voltage analogs of m and mxz. respectively. For the
measurement of Rp.mx(-ro),the signal on Channel 3 was
processed by two analog devices each of whose output is
proportional to the time-derivative of the input. The
analog differentiators were designed and built at Lewis
Center and had a bandwidth well above the 20 kHz limirt
imposed by the Sangamo 3500 tape deck. The output of

the second differentiator was fed to the correlator

along with the 45°-degree microphone signal. The correlator
sample-time most frequently used was 5u seconds with the
number of summations being typically 65,536. The correlator
digitally computes the cross-correlation function for 256
values of 1. The outpy- of the correlatu- consists of

256 digital numbers <. i~i. may be displayed visually on

an oscilliscope and transmitted to an IBM 360 computer for
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later analysis. The value of the measured cross-correlation
function at v = 71 is Rp'ﬁx('To)‘

The measurement of R (ro) is similar except that

p'D
p replaces i, as a correlator inmput.
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CHAPTER IV
FLUID DYNAMIC MEASUREMENTS
1. GENERAL FLOW CHARACTERISTICS

In this chapter some features of the jet-flap flow field,
as measured by a dual-sensor hot-film probe, are presented.
‘he probe was slowly traversed across the flow at various
axial positions so that profiles of flow parameters are
recorded on x-y plotters, as explained in Chapter III.

Profiles for the following flow parameters were
measured for the jet-flap and compared with those made for

the slot nozzle jet:

<
|

1 the mean value of the axial
velocity,
\/;I? - the rms value of the axial
velocity fluctuatioms,
‘VZ -  the mean value of the insverse
velocity,
\/;;; - the rms value of the transverse
velocity fluctuations,

P VyVy - the Reynold's stress.

The main features of the flow-field of the two-
dimensional slot-nozzle jet and the jet-flap are shown in
Figure 20. The addition of the straight flap causes

the following alterations:
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Figure 20. Flow Features of the Slot-Nozzle Jet and
the Jet Flap.
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(i) The mixing region on the flap-side
of the jet disappears.
(ii) A boundary layer is formed on the flap
surface,
(iii) A secondary mixing region is formed aft

of the flap trailing edge.

Schrecker [ 2] has conducted a comprehensive acoustic
and fluid dynamic study of slot-nozzle jets with and without
attached straight flaps and concluded that the secondary
mixing region produces at least as much noise as the primary
mixing region. Schrecker calculated the acoustic source
strength in the primary and secondary mixing regions using
an expression derived by Lilley [12], and for some jet-flap
configurations, the calculated acoustic source strength was
an order of magnitude greater in the secondary region than
in the primary region. His measurements indicated that the
maximum value of \/-\—7_2; in the secondary region is greater than
its maximum value in the primary region, and that high values
of mean shear, 3V1/3X2, exist near the flap trailing edge.

The test slot-nozzle jet has an exit-plane Mach
number of .7 and a flat velocity profile across the width
of the jet. The calculated sonic velocity at the nozzle
exit-plane, based on the average static temperature of the
stilling chamber, was 1150 ft./sec., making the exit velocity

805 ft./sec. The Reynold's number of the jet-flap
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configuration, based on the flap length and the exit velocity,
7

was 1.92 x 10 . The flow-field of the jet-flap near the

plane of transverse symmetry (X3 = 0) is approximately two

dimensional in the sense that:

V3 x 0, (4-1)

and

9...
9x

~ 0.

Of course, since the slot nozzle has a finite span, the above
conditions will not be satisfied near the spanwise boundaries

of the flow.
2. THE AXIAL MEAN VELOCITY PROFILES

Figure 21 shows profiles of Vl for the slot-nozzle jet
without the flap which have been normalized by c* the sonic
velocity at the jet exit plane. It is clear that the Vl
profiles are symmetric with respect to the Xl-axis. The
velocity at X;/h = 1 is still essentially uniform across the
width of the jet. The potential core is still evident
at X;/h = 5, by the flattened peak at the center of the pro-
file, but it is not present at X;/h = 7. The V, profile
measured Xllh = 6 (not displayed) also has a narrow flattened
peak, therefore the end of the potential core is between
X1/h = 6 and Xllb = 7.

The highest values of mean shear, avl/axz, occur near

the nozzle exit, where the mixing layers are very thin. As
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the jet develops, the slope of the Vl profiles decrease
because of the entrainment of ambient air and the spreading
of the turbulent mixing regions on each side of the potential
core.

The maximum value of Vl occurs along the jet centerline
and decreases with increasing axial position. The decay
of centerline value of Vl is displayed in Figure ,
where the exit-plane velocity of the jet,(Vl)e, has been
used for normalization. The centerline velocity drops only
about 8 percent in the first ten slot-nozzle heights because
of the existence of the potential core. Downstream of
X,/h = 10 the shape of the decay curve changes abruptly,
indicating that the two mixing regions have merged. Dowm-

stream of X1/h = 14 the centerline velocity can be predicted

to within 10 percent using the relationship,

(98]
£
(=2

= (4-2)
e

’j‘lq

o
!

>

H .

b

j

As may be seen in Figure 22, equation (4-2) becomes more
accurate with increasing downstream distance.

The axial mean velocity profiles for the jet-flap
are shown in Figure 23. The presence of the flap destroys the
symmetry of the flow, although a tendency toward symmetry is
apparent far downstream; this is evident from the profile

taken at Xllh = 30.4. The first four profiles, which are
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taken above the flap, are truncated because the flap surface
prevented further inward movement of the probe. The
profiles taken in the primary mixing region above the flap
appear to differ little from thcir counterparts in the

free jet.

The truncated profiles do not show the extended length
of the potential core above the flap surface. This
extension occurs because the presence of the flap allows
turbulent mixing only on one side of the jet. The extended
potential core is still evident by the flattened peak of
the profile measured at Xllh = 10.36 near the flap trailing
edge, but it disappears quickly after about one slot-nozzle
height.

The maximum value of Bvllaxz in the secondary mixing-
region is almost twice the maximum value of aVl/aXZ measured
in the free jet at X1/h = 1. The mean shear is approximately
equal to the Xq-component of the mean vorticity vector, K3.
The concentration of A, at the flap trailing-edge is rapidly
diffused, as is evident by the gentle slope of the axial mean
velocity in the secondary region at the downstream position
of X;/h = 14.33. The rap'd diffusion of K3 is facilitated
because the secondary mixing region becomes highly turbulent.

The decay of the centerline value of Vl for the jet-flap
is also shown in Figure 22. 1t is interesting to ncte

that the centerline value of Vl can be accurately predicted

64



by Equation (4-2) almost to the flap trailing edge. 1In

view of the complicated nature of the flow field aft of the
i

flap trailing edge, it is remarkable that such a simple

relationship exists.
3. THE AXIAL TURBULENCE INTENSITY PROFILES
The axial turbulence intensity is defined to be

V1

$ = v x 100 ,
17

where,

v, = the fluctuating component of the
axial velocity.

Figure 24 illustrates the axial turbulence intensity
profiles for the slot-nozzle jet. The profiles are symmetric
with respect to Xl-axis; the twin peaks are the turbulent
mixing regions on each side of the jet. At leh = 1, the
mixing regions are very thin and are separated by a
comparatively wide and deep trough. The trough is the
potential core of the jet. The downstream development of
the jet is characterized by a spreading of the mixing regions
and a "filling-in" of the trough between them. The axial
turbulence intensity along the jet centerline is less than
2 percent for the first five slot-nozzle heights. The
centerline intensity rises to 3 percent at X,/h = 7, which is

slightly downstream of the potential core terminus.
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The corresponding profiles for the jet-flap are shown
in Figure 25 . The lack of symmetry is apparent. The
truncated profiles of ti.2 primary mixing region above the
flap differ little from their free-jet counterparts, except
near the potential core. The profile made near the trailing
edge at X1/h = 10.36, shows the formation of the secondary
mixing region which appears as a small peak to the left
of the X,-axis. Note the low value of axial turbulence inten-
sity near the jet centerline indicating the remnant of the
potential co: The strength of the axial turbulence
intensity in the secondary mixing region grows rapidly and
becomes domirant. This can be seen from the profiles made
at Xllh = 14.33 and Xllh = 20.4. However, the strength of
the axial turbulence intensity in the secondary region f s
quickly so that the profile measured at Xllh = 30.4 shows
the turbulence intensity in the secondary mixing region is
less than that in the primary region.

The dynamics of the turbulent mixing regions may be
seen in Figure 26, which is a plot of the maximum axial
turbulence intensity for each profile. The value of émax
for the free jelL ‘ncreases almost linearly for the first
10 sloc-heights, where a maximum occurs. This value remains
approximately constant for about two slot heights, ~fter
which slightly lower values of &ma are measured. However,

X

this trend is reversed near Xl/h = 16 and § begins tc

max

()]
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increase. The absolute maximum of Qmax occurs about 18
slot heights downstream of the nozzle exit plane, after
which &max decays slowly with X;/h. At X;/h = 22, &max is
again approximately the same value as it was at the first
maximum located near Xllh = 11. The first maximum of 4max
occurs at the place where the two mixing regions are merging,
which creates a highly turbulent flow field. However, the
reason for the existence of the absolute maximum of

amax so far downstream is not understood.

The introduction of the flap does not appreciably
change the values of &max in the primary mixing region
above the flap. However, there are some changes in the

values of ‘ma in the primary mixing region aft of the

X
flap trailing edge. The addition of the flap delays the
formation of the second maximum until about 26 slot-

nozzle heights. Unlike the free jet, the second maximum

for the jet-flap is less than the first maximum.

The plot of émax in the secondary mixirg region
illustrates the difference between the dynamics of turbulence
in the secondary mixing region and in the primary mixing
region. The value of &max in the secondary region increases
rapidly to its peak at X1/h = 16.3, and then quickly
decreases. About 26 slot-heights downstream the value of

¢

imately equal. Further downstream the value of 4max in the

max in the primary and secondary mixing regions is approx-

primary region dominates.
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4. THE TRANSVERSE MEAN VELOCITY PROFILES

The transverse mean velocity profiles for the slot-
nozzle jet are shown in Figure 27 . The profiles of v, are
anti-symmetric with respect to the X,-axis, so that a
negative value of V, on the right side of the jet-centerline
and a positive value on the left side indicate a flow toward
the jet-centerline. The value of Vé in the potential core is
zero, as can be seen in the profiles measured at Xllh =1,

3, 5, and, unlike the axial mean velocity, the profiles of
Vé reach their peak values near the center of the turbulent
mixing regions. The highest peak values of VZ are founu near
the nozzle exit plane; the maximum absolute-value of V2
appears to decrease monotonically with downstream position.
The absolute-value of VZ is small compsred with V; every-
where in the flow, at least within the first 50 slot-nozzle
heights, being of the same order of magnitude as the axial
turbulence intensity. The profiles made at Xllh = 14.33,
20.4, 30.4, indicate regions of reverse flow exist near the
jet boundary. It is possible that these are regions of
swirling flow induced by large-scale turbulent eddies in

the jet mixing region. The profiles of V, for the jet-flap
are shown in Figure 28. The values of U, above the flap
are not appreciably changed. In the secondary mixing region,
near the flap trailing edge, there exist a relatively high
maximum value of Vé, as can be seen in the X;/h = 10.36
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profile. Note also that outside of the secondary mixing
region there exists an area of reverse flow. The maximum
value of Vz in the secondary mixing region drops very
sharply, so that by Xllh = 14 .33, it is approximately the
same there as in the primary mixing region. Thereafter, the
maximum value of VZ in the secondary mixing region is
somewhat less than in the primary mixing region all the

way out to Xllh = 52.4.
5. THE TRANSVERSE TURBULENCE INTENSITY PROFILES

The transverse turbulence intensity is defined to be:

The profiles of Q@ for the slot nozzle jet are displayed

in Figure 29. These profiles appear similar in shape

to those made for ¢§, the axial turbulence intensity,
exhibiting the characteristic spreading of the mixing
regions and the erosion of the potential core. However,

a graph of @ ., for each profile reveals a difference in the
two turbulenc: quantities. This graph is shown in

Figure 30. The value of Qoax does not vary more

than the 1 percent over the first 30 slot-nozzle heights,
after which Qnax decays slowly with X;/h. This is in

contrast to the behavior of imax' which rises almost linearly
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to about Xllh = 10, remains constant within 1 percent out
to about Xl/h = 26, and drops steadily with increasing axial
position thereafter.

It is interesting to note that while Qpax 18
essentially constant over the first 30 slot-nozzle heights,
(about 7 percent), the deviation of individual values of
Qnax from this constant value seem to be almost periodic with
X;/h up to Xllh = 15. Relative maximums are seen at Xl/h =3
and Xllh = 10, minimums at X1/h = 7 and Xllh = 14, so that
the distribution has a wavelength of X;/h = 7 or 2.1 inches.
The physical significance, if any, of this periodic
behavior is not clear. Furthermore, note that the spacing
between the two maximum values of the axial turbulence
intensity in Figure 26, is approximately equal to a
value of Xl/h = 7.

The profiles of @ for the jet-flap are shown in
Figure 31, and are seen to have about the same appearance
as the § profiles for the jet-flap. However the 'saddle",
which results from the relative lower turbulence on the
jet-centerline in the @ profiles is, in general, not
as well defined as in the § profiles.

Figure 30 shows that the value of ax in the
primary mixing regions is about the same compared to its

value in the free-jet. However, the apparent periodic

distribution of the values has changed with the addition
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of the flap, so that the wavelength now as an approximate
value of xllh = 15. This is about twice the value for the
free jet. Reference to Figure 26 shows the same behavior
for the graph of *max for the jet-flap; the two maximum

values of §

max &Y€ gseparated by a value of approximately

Xllh = 15. This is about twice the previous separation.

The graph of Qm % for the secondary mixing region is

a
also presented in Figure 30. The peak value of Q,ax Occurs
near Xllh = 14, approximately 2 slot-heights upstream

of the position of Qmax' While the peak value of @ _  in
the secondary-mixing region is slightly lower than the
corresponding peak value of ‘max’ its dominance over the
peak value of Qmax in the primary mixing region is more

pronounced. Also, while Qma rises to its peak and decays

x
more rapidly than imax’ both become equal to their
corresponding values in the primary mixing region at about

the same axial position of Xllh = 25.
6. THE REYNOLD'S STRESS PROFILES

Following Schubauer and Tchen [13]), the Reynold's Stress
for a compressible, two dimensional, boundary-layer type
flow, is

* = p ViVa
T P VyVsy

where p is the average value of the local densicy in the jet.
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In the equation for the turbulence kinetic energy (see

Schubauer and Tchen) the product

T*

Q2
5,2
N =

is interpreted as a source term. Furtherm're, since

lr*l << laVllaXZI in the early development of .:2 primary
and secondary mixing regions, t* agsumes the role of

a coupling factor. That is, the local value of t¥*
determines how efficiently the turbulence can extract
energy from the main flow.

Profiles 1%*/p measured for the slot-nozzl. jet are
shown in Figure 32 , and are seen to be anti-symmetric wich
respect to the Xl-axis. The value of |T*| in the potentiel
core is zero, as is evident from the spacing between the
anti-symmetric peaks o1 the first three profiles. Downstream
of the potential core tarminus the two mixing regions of the
jet merge, causing the space between the peaks of the pro-
files measured at X;/h = 7 and 10.36 to be eliminated.
Downstream of Xl/h = 10.36, 1* is seen to vary almost
linearly with leh between anti-symmetric peaks.

Figure 33 illustrates the profiles for 1*/p for the
jet-flap configuration. The first two profiles taken
above the flap surface indicate sigrificantly higher

absolute values of t* there compared to their free-jet
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counterparts, while the profiles taken at X;/h = 5 and 7
appear quite similar to those in the free-jet. Higher
absolute values of t* are also seen in the profiles made
in the primary mixing region aft of the flap trailing edge.
In the secondary mixing region, near the flap trailing edge
(Xl/h = 10.36), the absolute values of T* are seen to be
very small. The absolute value of t* in the secondary mixing-
region rises and falls rapidly in a manner similar to the
other turbulence quantities. The profile measured at
xllh = 30.4 seems to show a tendency toward the anti-symmetric
distribution of t* found in the free-jet.

A graph of the peak values of the t* profiles
measured for the free-jet and jet-flap are shown in
Figure 34. Since the peak values will be both positive
and negative, the maximum values of lt*‘ , are plotted,
that is,

lt*l max _ |‘_'_1V—2|milx

v.)? Iy 2

In the free-jet IT*] max 2PPears to increase steadily
for the first 9 slot-nozzle heights downstream; then it
remains relatively constant to Xllh = 20, after which a
steady decay is observed.

The curve plot for the primary mixing-region

to be

of the jet-flap shows the distribution of IT*I max
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different than in the free-jet mixing region. The

values of IT*I nax 3¥e in general, higher than their
free-jet counterparts, but of more interest is the fact
that, unlike the free-jet, IT*I max does not increase with
axial position for the first 10 slot-heights. Instead, it
appears to oscillate about a relatively constant value, in
much the same manner as the results presented for ﬂmax in
Figure 30. A well-defined decay of lt*‘ max in th=2
primary region is not seen until after Xllh = 30.

The curve for the secondary mixing-region shows the

there which has been character-

rapid development of lT*I mnax

istic of all the turbulence quantities which were measured.

However, unlike the curves for § and @ in the

max

secondary mixing-region, the curve for l has a flat peak,

T*I max
go that IT*' max retains a relatively high peak value for
about 4 slot-nozzle heights, after which a rapid roll-off

occurs.
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CHAPTER V
ACOUSTIC MEASUREMENTS AND SOURCE LOCATION
1. INTRODUCTION

In this chapter the far-field acoustic data for the
jet-flap and slot-nozzle jet are examined and compared. 1In
addition, the characteristics of the acoustic sources
associated with the fluctuating momentum and pressures in
the jet-flap flow, as measured by the single-sensor hot
film and embedded microphones, respectively, are presented.
Finally, the contribution of these flow sources to the far-
field sound, which is measured at the 45°-microphones,

is evaluated using the cross-correlation technique.
2. DIRECTIVITY AND SPECTRA OF THE FAR-FIELD SOUND

Directivity measurements of the far-field sound
pressure level (SPL) produced by the jet and jet-flap
were obtained using the quarter-circle of microphones as
described in Chapter III. The contours of SPL in the
Xlxz-plane (flyover plane) for the jet-flap and the
jet are shown in Figure 35A. The SPL contour of the
Jet is symmetric with respect to the Xl-axis. so values are
only shown for positive values of ¢. The maximum SPL

which was measured for the jet occurs at ¢ = 45°.
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The minimum SPL which was measured for the jet occurs at
¢ = 90°, which is approximately 5 dB below the maximum value.

The addition of the flap to the slot-nozzle jet has a
significant effect on the directivity and magnitude of the
radiated sound. The SPL's for the jet-flap are much larger
for all values of ¢, and, as might be expected, the
SPL contour of the jet-flap is not symmetric with respect
to the X;-axis. The SPL's at ¢ = -20°, -30°, -45° are larger
than the corresponding positive ¢-values; from 60° to 90°
the SPL is approximately equal on both sides of the flap.
The maximum value of the SPL's which was measured for the
jet-flap occurred at ¢ = -45°, although the value at
¢ = -30° was very nearly equal to the -45°-value.

Figure 35A shows that the largest increase in SPL
above the SPL generated by the jet, occurs at ¢ = 90°
and equals about 10 dB.

The greatly increased SPL's and the modification of the
directivity pattern caused by the addition of the flap
suggest the presence of a fundamentally different acoustic
phenomena than that found in free-jet flow. Hayden ([14)
has shown that the directivity pattern in the X,X,-plane
of the noise produced by a jet-flap is similar to that
of a point dipole located at and diffracted by the flap
trialing edge. Ffowcs Williams and Hall ([15]

have shown that the noise produced by turbulent eddies
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very near the trailing edge have the same directivity
pattern in the X;X,-plane as the postulated point dipole
of Hayden.

The contours of SPL in the-X1X3-p1ane (sideline plane)
for the jet-flép and jet are presented in Figure 35B
The contours for the jet and jet-flap are symmetrié with
.respect to the Xl-axis in this plane, therefore only SPL's
for +'t-values are shown. The SPL's for the jet-flap
are seen to be about 5 dB above thgse for the jet
for all values of 7. However, the directivity pattern of
the noise produced by the jet-flap is similar in shape
to that of the jet, suggesting that the radiation field of
the jet-flap flow in the X,X;-plane is not affected
the presence of the flap. The contribution of the surface
integral in Equation (2-14) is equal to zero, since cos ©
is zero in the plane of the flap (X1X3-p1ane). The
measured maximum SPL in the X1X3-p1ane for the jet and jet-
flap occurs at ¢ = 30°. The maximum SPL's in the
X1X3-p1ane are slightly less (about 1 dB) than their
counterparts in the X1X2-p1ane. suggesting that only a
small portion of the sound received at the 45°-microphones
in the Xlxz-plane is contributed by the surface integral.

Lighthill { 7] has shown that the far-field acoustic
intensity of the noise which is radiated by a cold, subsonic

Jet, which is embedded in an unbounded ambient atmosphere,
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at rest, varies approximately with the eighth power of the
Jet exit velocity. This result, which Lighthill deduced
from a dimensional analysis of the solution [the volume
integral in Equation (2-13)] to his inhomogeneous wave
equation, has been well verified for a wide variety of
jet flows. '
Curle [10], generalizing Lighthill's theory to include
solid surfaces in the flow field, derived an equation
similar to Equation (2-14). Curle concluded from a
dimensional analysis of the surface integral that the
far-field acoustic intensity of the noise produced by
pressure fluctuations at the solid surface should vary as
the sixth power of the characteristic flow velocity,
providing that the characteristic dimension of the solid
surface is small compared with a typical acoustic wavelength.
The surface of the 3-inch flap used in this investigation
does not satisfy Curle's compact surface criterion, since
the acoustic wavelength based on the 5000 Hz peak
frequency is 2.76 inches. For non-compact surfaces,
Ffowcs Williams and Hall have argued that any dimensional
analysis based solely on turbulence velocity and length
scales is inadequate, since diffraction effects will
strongly affect the far-field acoustic intensity.
They concluded that the far-field intensity of the sound

produced by turbulence very near the surface trailing
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edge sﬁould vary as the fifth power of the characteristic
flow velocity.

Figure 36 shows the variation of the far-field
- acoustic intensity with jet exit velocity for several
microphone positions. For the slot-nozzle jet, the
acoustic intensity measured by the 45°-microphone
is very nearly proportional to the eighth power of the jet
exit velocity. The addition of the flap caused the |
exponent of (Vl)e to be l_wered, as shown by the -45°-
microphone curve, indicating that a portion of the noise
which is received at the -45°-microphone is produced by
the interaction of the turbulence with the solid surface.
The intensity measured at the +90°-microphone in the xlxz-
plane is proportional to (Vl)e raised to a power between 5
and 6, indicating that most of the sound received here is
produced by the interaction of turbulence with the solid
surface. Recall that the maximum change in intensity a-
a result of the.addition of the flap occurred at the
90°-microphone positions in the Xlxz-plane.

One third octave spectra of the sound at ¢ = + 45°
in the flyover plane is displayed in Figure 37A
The peak frequency of the jet noise is 5000 Hz, so that

the flow has a peak frequency Strouhal number of .155
based on the jet exit velocity and the slot-nozzle height.

The spectrum indicates » broad distribution of acoustic
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energy. The 6 dB down-points (points where the SPL is
6 dB below its peak value) occur at about 1250 and 20,000 Hz.
The addition of the flap causes a concentration of acoustic
energy about the peak frequency of 5000 Hz, as evidenced
by the 6 dB down-points at 2500 and 8000 Hz on the
-45°-curve. For frequencies below 500 Hz, the spectrum
for the -45°-microphone (below the flap) sigral is (lmost
identical to that of the +45°-microphone (above the flap).
From 1250 Hz to 12500 Hz the SPL's of the +45°-spectrum are
slightly higher than or equal to those of the -45°-spectrum.
Above 12,500 Hz the +45°-spectrum is significantly lower
than the -45°-spectrum, indicating that the primary mixing
region may act as a shield for the high frequency noise
which is produced in the secondary mixing region.

One third octave spectra for the + 90°-microphones
in the flyover plane are displayed in Figure 37B.
The spectrum of the noise produced by the jet indicates
a broader distribution of acoustic energy tham that of
the noise measured at the 45°-microphone; the 6 dB down-
points occur approximately at 1000 and 25,000 Hz. The
addition of the flap affects the spectrum in the same
manner as it did for the 45°-spectra; the acoustic energy .
is concentrated about the 5000 Hz peak fréquency. The
-90°-gpectrum has slightly lower values than the +90°-

spectrum below 1000 Hz, but above 1000 Hz the two spectra
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are quite similar with the exception of their values
at 4000 Hz.

One third octave spectra for the 30°-microphone in the
X,Xy-plane are shown in Figure 38A. The spectrum for the
jet is shifted to the left relative to the jet spectra in
the X,X,-plane, shown in Figure 37, indicating a larger
share of the acoustic energy is found at the lower frequen-
cies. This is believed to be the result of high frequency
attenuation of the sound which travels across the span of
the jet to the 30°-microphone. The 6 dB down points occur
around 800 and 8000 Hz. The highest value of SPL occur at
approximately half the peak frequency of the jet spectra
in the X;X,-plane. The spectra for the jet-flap shows
the same concentration of energy about the peak frequency

as was seen in the spectra taken in the xlxz-plane.
3. ACOUSTIC SOURCE DISTRIBUTION ON THE FLAP SURFACE

In this section an attempt is made to evaluate the
contribution of the surface integral in Equation (2-21) to
the far-field sound received at the + 45°-microphones. The
surface integrand, Rp'p (-To), is evaluated by cross-
correlating the signals from two microphones which are
embedded in the flap surface with far-field microphones
at +45° or -45° , as described in Chapters II and III.
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Figure 38B shows the 1/3-octave spectra for the
embedded microphones. Microphone 1 is one inch from
the nozzle exit plane; microphone 2 is 2.5 inches from the
nozzle exit plane and .5 inches from the flap trailing edge.
It was shown in Chapter IV that the potential core of the
jet extends to the tx iling edge of the flap; therefore,
the signals of the embedded microphones are expected to
represent the fluctuating pressure in the potential core
directly above the flap, and the turbulent boundary layer
on the flap surface. The fluctuating pressures on the
flap surface are a superposition of the pressure fluctuations
of the turbulent flow field itself and those of the
acoustic near-field associated with the noise produced
by the turbulence.

The spectrum for microphone #1 is narrow-band, with
the 6 dB down-points occurring at approximately 4000 Hz
and 8000 Hz. The spectrum for microphone #2 shows a
broader bandwidth and higher SPL's than the first micro-
phone position. Note that the 6 dB down-points occur
approximately 3000 Hz to the right and left of the 5000 Hz
peak frequency. The broader spectrum and higher SPL levels
measured at the second microphone position probably result be-
cause the potential core is very thin at this location and
the pressure field is more strongly affected by the broad-

band turbulence fluctuations in the primary mixing region.
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Figures 39A and 39B show the autocorrelation function of
the time derivative of the signals from microphone 1 and 2
respectively. Both autocorrelation functions seem to
indicate a low level periodic component of 5000 Hz buried
in the narrow band random signals. Note that the
autocorrelation function of the far-field microphones

at +45° and -45° shown in Figure 40 also contain

a periodic component at 5000 Hz. The embedded microphone
signal was differentiated by the analog amplifier described
in Chapter III. In the course of performing the cross-
correlation analysis, an interesting relationship between

p' and its time derivative was noticed:

Brmg ¥ 2nfy, ®")rms

where fb is the bandwidth of p' defined by the 6 dB down-

points. A similar relationship was found to be true

for m , which has a broadband spectrum. Therefore, it

seems . -asonable to suppose that this relationship may have

vali.ity for a large class of stationary random processes.
The time derivatives of the signals from the embedded

microphones were cross-correlated with the two far-field

microphcaes, located at + 45° in the xlxz-plane.

The cross-correlation function of the signals from the

far-field microphone at +45° and the embedded microphone

nearest the nozzle exit is shown in Figure 41A.
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It appears to the symmetric about T = 12.25 x 10~° sec.,
where its maximum value occurs. On each side of the peak
there are decaying wave envelopes, which are an
indication of narrow bandwidth of the embedded microphone
signal. The cross-correlation function of the signals from
the second embedded microphone and the +45°-microphone
(not shown) is similar in shape to the one shown in
Figure 41A, with its maximum value occurring at
T = 11.97 msec. Its maximum value is about twice
as large as the maximum value of the cross-correlation
function for the first embedded microphone.

The maximum value of the cross-correlation function
is expected to occur at

1= 7. = = 11.32 x 1077 gec.

(o] Co

However, in practice, the actual acoustic transmission

time is seldom equal to T because part of the transmission
path from a source point %o an observer in the far-field

is through an inhomogeneous media, i.e., the turbulent

flow field of the jet. Furthermore, it is difficult to
reliably measure the acoustic transmission time directly

by inserting a mechanical source into the flow. Fortunately,
the flow fluctuations in most turbulzat jets are random
functions of time. It can be shown that the cross-
correlation function of these random fluctuations with the
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sound they generate to the far-field has its maximum value
at a value of T corresponding to the acoustic transmission
time. Then the integrands of Equation (2-21) are simply
the maximum values of the associated cross-correlation
functions. But if the flow field is not a random function
of time, then there is no guarantee that an absolute
maximum value will occur at the acoustic transmission

time. Moreover, as the periodic waveform in the embedded
microphone autocorrelations shown, the pressure field above
the flap surface has a deterministic component.

There is evidence which indicates that the periodic
waveform in the embedded microphone signal is caused by
discrete flow disturbances which are convected with the flow.
Fink [16), using an airfoil which was blown by a circular
jet, cross-correlated the fluctuating pressure on the
airfoil surface with a far-field microphone. He observed
that the maximum value of the cross-correlation function
occurred at a larger value of v than the calculated acoustic

transmission time, t By moving the position of the

0
embedded surface microphone toward the airfoil trailing
edge, the value of v at which the maximum value of the

cross-correlation function occurs (Tp) approached the

calculated value, T,- And by doubling the jet exit velocity,

Fink found that the difference between the rp and T, was

halved. He concluded that turbulent eddies, whose pressure
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fields are measured by the embedded microphone, were
convected downstream and radiate when they interact
with the trailing edge of the airfoil.

Joshi [17], using a jet-flap configuration similar
to the one under investigation in this study, observed the
same phenomena. He calculated the convection speed of the
eddies to be about .o (Vl)e' In the present investigation,
an estimation of the eddie convection speed was made by
dividing the distance between the two embedded microphones,
1.5 inches, by the difference between the times where the
peak values of Rp'p (-1) occurred for the +45 -microphone.
This gives a convection velocity of .55 (Vl)e. Dividing
the convection velocity by 5000 Hz (the frequency of the
periodic component in the embedded microphone signals)
gives a eddy spacing of 1.06 inches. It is believed that
these eddies are convected in the turbulent boundary layer
on the flap surface. The convected eddies apparently
radiate very little sound while in the boundary layer,
but near the flap trailing edge their contribution to
the far-field sound is greatly amplified as predicted by the
theorecical investigation of Ffowcs Williams and Hall [15].
Apparently these convected eddies are responsible for the
5000 Hz acoustic tone which is evident in the far-field
microphone autocorrelation functions. Therefore the

peak value of the cross-correlation function in
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Figure 41A is not considered a legitimate contribution

to the surface integral in Equation (2-21), since it does
not represent an acoustic disturbance which is radiated
from the flap surface at the position of the first embedded
microphone. It is concluded that whatever noise is
generated by the ‘luctuating pressure on the flap surface
to the far-field microphone at +45° emanates from

the region near the trailing edge.

An estimate of the surface contribution to the far-field
sound at the +45°-microphone can be made by assuming that
the value of Rp'p (—To) on the last 1/2 inch of flap surface
is equal to the peak value of the cross-correlation function
for the second embedded microphone. The peak value of
Rp'p (-1) for the second embedded microphone is 2.114 x 10°°
1bf2/in®. 1If Rp'ﬁ (-1,) is assumed to be constant across
the 3.9 inch span of the flow, then the estimate of the

surface contribution to the +45°-microphone is given by:

(TSC) 4450 = ﬂ§:7845°./’ Rppt (=75) dA.

(TSC) 450 = IE§§?§$$°(3.9) (-5) Rypr(-7o)

2
(TSC) g0 = 4.16 x 107° 1327
n
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The mean square value of the sound, p'2, received at the
far-field microphone at +45° is 19.8 x 10™° 1bf?/in*.
Dividing (TSC)+45° by p'? indicates that about 21 percent
of the far-field sound at the +45°-microphone might be
generated from the last half-inch of the flap surface.

The cross-correlation function of the signals of
the first embedded microphone and the far-field mi.rophone
at -45° is shown in Figure 41B. The maximum value occurs
at 10.3 x 10™° seconds, considerably earlier
than the value of T It does not appear to be symmetric
about the maximum value. The vertical scales in
Figure 41 have arbitrary units, but the magnitudes of
both functions are directly comparable. The appearance
of the bottom cross-correlation function suggests that
there are two separate values of t for which there is
a high level correlation between the signals of the -45°-
microphone and the first embedded microphone. The
relative maximum which occurs near 12.5 milliscconds
represents the eddy-convection effect, and does not
contribute to the surface integral in Equation (2-21).
The absolute maximum which occurs at 10.3 milliseconds is
believed to result from the cross-correlation of noise,
which is received at the emhedded microphone and
the far-field microphone from a strong acoustic source

which is located in the flow, and, as such, is not a
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legitimate contribution to the surface integral. Recall
that the contribution of diffraction and reflectior ~f sound
from sources in the flow o the fluctuating flap surface
integral, and that the effects of reflection and diffraction
on the far-field sound are included in the evaluation £
Rp.15 (-1) at the proper delay time, T, Therefore it
appears that only the pressure fluctuations on the flap
surf :ce near the trailing edge make a significant contribu-
tion to the far-field sound at the -45°-microphone.

Since both cross-correlation functions in Figure 41
use the same embedded microphone signal, it must be
concluded that the peak which occurs at 10.3 milliseconds
in the bottom figure, but is absent in the top figure,
is caused by a strong noise source in the flow which
radiates strongly to the -45°-microphone but not effecuively
to the +45°-microphone. 1In the next section it will be
shown that the & urce of this noise is the secondary mixing
region.

The cross-correlation function of the signals from
the second embedded microphone and the far-fieldé microphone
is shown in Figure 42. The vertical scales in
Figure 42 and 41 are the same, and the magnitudes
of the cross-correlatio. functions may be directly
compared. The maximum value of Rp'p (-t) occurs at

© = 11.36 milliseconds, very close to Tt the

o'
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Figure 42. Crxo Cou. lation of Embe dd d Mi ph e 2
and th r-Fie ld Microphon -45°
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relative maximum which occurred at 10.3 milliseconds in
Figure 41B is still in evidence and has a larger value.

An estimate of the total surface contribution to the

sound measured by the far-field microphone at -45°

can be made by the same m_thod used for the +45°-microphone.

Then:

- -9  1bf?
(TSC) 45° 8.98 x 10 ; .
Dividing this by the value of p'Z for the -45°-microphone
indicates the estimated contribution of the surface integral

is 30 percent.
4. ACQUSTIC SOURCE DISTRIBUTION IN THE FLOW FIELD

In this section the integrand of the volume integral
in Equation (2-21) is evaluated for the + 45°-far-field
microphones in the Xlxz—plane at selected positions in
the flow fie.d of the jet-flap by cross-correlating the
processed signal of a hot-film probe with the appropriate
far-field microphone signal. Details of this technique
were given in Chapters II and III. The probe is positioned
in the p.ane of transverse symmetry (X3 = 0), so that the
volume integrands are evaluated in the Xlxz—plane. At
a chosen downstream position (Xl), the volume integrands

are eveluated on the flow centerline (xz = 0) and at the
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points of maximum turbulence intensity (XZ-MTI) in the
primary and secondary mixing regions. The hot-film
probe's axial position is confined to the first 20 slot-
nozzle heights.

Figure 43 shows the relative magnitude of the
rms values of fluctuating momentum, Vm ¥ , in the flow
field of the jet-flap, as measured by the inclined hot film
probe. The reference level for the dB-scale is 2.08 x 10°°
lbm/sec. in2. The term "+45f-probe" implies the probe
orientation which allows the measurement of the momentum
component in the direction of the +45°-microphone.
That is, the normal to the probe sensor element makes an
angle of +45° with the X, -axis. Similariy, the term
".45°-probe" implies the same for the -45° -microphone.
So in the primary mixing region, the 445°—probe measures
the momentum fluctuations in the direction of the
ambient atmosphere, but the -45°-probe measures momentum
flucutations toward the jet centerline. In the secondary
mixing region the reverse is true; i.e., the -45°-probe
measures the momentum fluctuations toward ambient
atmosphere and the +45°-probe measures the flucutations
toward the jet centerline.

The large differences in\/ﬁx___z-'_ measured at the same
points in the flow, using the +45° and -45°-probes,
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indicate a high level of anisotropy in the jet-flap

flow field. There is about a 5 dB difference between

the value of V?, as measured by the +45° and
-45°-probes, almost everywhere in the primary mixing
region; indicacing that the momentum fluctuations have

a preferred direction toward the ambient atmosphere. This

is also evident in the measurements taken in the secondary

wmixing region; the values of VE:E measured by the -45°-
probe are about 2.5 dB higher than those measured by the
+45°-probe. The same phenomena was observed for the jet
without the flap, but the values measured in the jet
mixing region are not displayed since they are coincident
with the jet-flap values in the primary mixing region.
The measurements of \f::i on the flow centerline (X;-axis)
show that the values measured above the flap surface with
the +45°-probe are larger than those measured with the
-45°-probe. However, aft of the trailing edge the values
measured with the -45°-probe begin to increase and become
equal to the values measured by the +45°-probe at
approximately Xl/h = 13. Farther downstream the values
measured by the -45°-probe are larger.

Figure 44 shows one third octave spectra for the
-45° and +45°-probe at various positions in the jet-flap
flow field. The spectrum of V'T::; at X,/h = 8 is
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extremely broad and does not have a well-defined peak
frequency. Comparison of the Xllh = 8 spectrum of the
+45° and -45°-probe indicates that the higher value of
\f;;?r measured by the +45°-probe is from contributions
over the entire frequency range. The spectrum of WIE:?-
at X,/h = 1, as measured by the +45°-probe, has its
maximum value at 10 kHz. The 6 dB down-points occur
at approximately 2 and 17 kHz. The spectrum of Vﬁ:ﬁi ,
measured by the -45°-probe at the same point, indicates
generally smaller values over the entire frequency range.
The peak value of the spectrum is at 8 kHz and the 6 dB
down-points occur at approximately 1.25 and 12.5 kHz.
Near the flap trailing edge, the largest value of
\fﬁizf_ is measured by the -45°-probe. The peak frequency
of \fﬁ:f- at the trailing edge is 6.3 kHz, and the 6 dB
down-points are approximately 2.5 and 15 kHz for the
-45°-probe and 2.5 and 10 kHz for the +45°-probe.
The low-frequency peaks in the spectra made at the
trailing edge and at Xllh = 1 are believed to be caused
by the vibration of the probe holder in these high-shear
regions. The low levels of \[ﬁi?r on the flow centerline
result from the smaller values of the low-frequency compon-
ents. A comparison of the +45° and -45°-probe spectra
suggests that the eddy structure associated with low

frequency components is highly anisotropic there.
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Figure 45A and 45B shows representative autocorrelation
functions of m, and ﬁx respectively. The autocorrelation
of m, is typical of a broadband random quantity.

For a stationary random quantity, Z', Tennekes and
Lumley [18] have shown that the power spectral density of
322'/3t? is given by:

w)* s (w),
vhere
w = 27f

S (w) = power spectral density of 2'.

Therefore for a broadband signal such as m_, most of
the contributions to azm.xlatz will come from frequencies
above 10 kHz.

Figure 46 shows a typical pair of cross-correlation
functions for the shear and self-noise components. These
cross-correlation functions were obtained for the -45°-
microphone with the hot-film probe located in the secondary
mixing region, 5 slot-nozzle heights from the flap trailing
edge. Both cross-correlation functions in Figure 46A
have been normalized with respect to their peak values,
therefore their magnitudes can not be directly compared.
When expressed in physical units the peak value of the
shear-noise cross-correlation function in Figure 46A

is about ten times larger than the self-noise peak shown
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below. The self-noise component was found to be at

least an order of magnitude less than the shear-noise
component at almost all points in the‘flow where a cross-
correlation analysis was performed. _

The delay time range, 10.24-11.515 milliseconds,
represents the "window'" of the F.S.C. correlator at a
sampling period of 5 microseconds. The width of the
window is given by the product of the sampling period
and the number of memory bins available in the machine.

The F.S.C. correlator has 256 memory bins. The window

can be shifted on the 1-scale so that the cross-correlation
function can be computed for the t-range of interest.

The cross-correlation functions for the surface microphones
in Figure 41 are actually composites, made by

connecting the several parts of the function which was
computed in adjacent windows.

The acoustic source strength per unit volume is

defined as:

T S
v L—————“po'xi'y 2 ﬁx Rp i, (-t,) +

e

-

Rp 'mxz (-1))

.
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Figure 47 shows the axial agoustic source strength
distribution in the jet-flap fiow for the far-field
microphone at +45°. These values have been corrected
for the error discussed in Appendix A. In the primary
mixing region above the flap surface, tﬁe value of Vv
appears to remain relatively constant to Xllh = 7. At
X;/h = 8, V ka3 a relative maximum and gradually
decreases until Xllh = 10, where V again remains
approximately constant to xllh = 12, From Xllh = 12
to X;/h = 16 there is a gradual increase in the value of
V, after which it begins a steady decay. The values
of V at X;/h = 2,4,6 in the primary mixing region are
not displayed, because the insertion of the hot-film
probe holder caused the generation of a powerful acoustic
tone which contaminated the cross-correlation function.
The effect of extraneous noise generation (caused by the
presence of the probe holder in the flow) on the measured
cross-correlation functions is discussed in Appendix B
The values of V on the flow centerline are significantly
larger than those fou.d in the primary mixing region.
This result is quite interesting, considering the fact
that there exists a remnant of the potential core
above the flap surface, as was seen in Chapter IV. Actually

the values of the shear component, Rp.ﬁx (-To), have
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about the same value '.¢re as in the primary mixing
region, but the fact that it is multiplied by the large
value of ﬂ# on the centerline is responsible for the
large values of V. The centerline distribution
increases steadily as the potential core becomes turbulent
until a relative maximum is reached at Xllh = 9,
A sharp drop is seen at Xllh = 10 and 11. The absolute
maximum occurs at Xllh = 12, after which a rapid roll-off
occurs.

The distribution of V in the secondary region shows
. a relative maximum near the flap trailing edge. The
value of V then decays until X;/h = 12 where it appears
to level-off, and at X/h = 13 the absolute maximum occurs.
Recall from Chapter IV the: the maximum values of the
axial and transverse turbulence intensities rise sharply
in the same r.gion where V decreases. The maximum
value of V in the secondary mixing region occurs near
the point of maximum transverse turbulence intensity in
the secondary mixing region. The value of Vv drops to
about the same as that in the primary mixing region at
Xllh = 14, and begins a steady decay with increasing
downstream distance.

Figure 48 shows the axial acoustic source strength
distribution of the jet-flap flow field for the far-field
microphone at -45°. These values of have also been

corrected for the hot-film measurement error discussed
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in Appendix A. The values of V in the secondary mixing
region are seen to be much larger here than in Figure 47
indicating that the sound which is generated in the secondary
region is radiated much more effectively to the -45°-
microphone than to the +45°-microphone. Also notice

that the shape of the V-distribution in the secondary
mixing region is different for the two far-field microphones.
The two peak values of V are approximately equal for

the -45°-microphones; whereas for the +45°-microphone,

the maximum clearly occurs near the point of maximum
transverse turbulence intensity in the secondary mixing
region. As before, the value of V drops sharply after its
first maximum, where the axial and transverse turbulence
intensities are rapidly rising. The relative ma:imums
which occur close to the flap trailing edge are believed
to be caused by the amplification effect of the edge,

as predicted by the investigation of Ffowcs Williams

and Hall [15]. It is important to note in Figure 48

that this amplification effect decreases rapidly with
distance from the flap trailing edge. The relative
minimum at Xllh = 11 probably represents the downstream
limit of the amplification effect, after which V seems

to rise with the increasing turbulence intensity of the
secondary mixing region. Downstream of the maximum

at X,/h = 13, the value of V in the secondary mixing
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region drops very rapidly. The decay of V in the secondary
mixing region is much more gradual for the +45°-microphone.
The values of V on the centerline are generally
larger for the -45°-microphone’ than for the +45°-microphone.
Of more importance is the fact that the centerline
distribution of V decays much more rapidly for the
+45° than for the -45°-microphone. It is also
interesting to note the different occurrences of relative
minima and maxima in the two centerline distributions.
For example, the centerline distribution for the
+45°-microphone has a relative maximum at Xllh = 12, but
the value of V there is comparatively low for the -45°-
microphone.
The distribution of V in the primary mixing region
above the flap for the -45°-microphone appears about .
the same as that for the +45°-microphone, indicating that
the flap does not act as a shizld for the noise which
is generated in the primary mixing region above the fIap.
The maximum value of V in the primary region occurs
above the flap trailing edge at X;/h = 10, after which
the value of V decreases until Xllh = 12; the value of

V then remains relativel; constant until X;/h = 20.
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CHAPTER VI
SUMMARZ AND CONCLUSIONS '

An experimental investigation was performed in an
attempt to establish the acoustic sources in a jet-flap
configuration for two far-field microphones located 45°
above and below the plane of the flap surface. The method
employed for source location uses the causality principle
in that a source fluctuation is related to the radiated
sound by a cross-correlation method. The acoustic source
strength distribution in the turbulent flow field was
measured by cross-correlating a processed signal from an
inclined hot-film anemometry probe with the signal from
a far-field microphone. An estimate of the contribution
made by the sources associated with the fluctuating pressure
on the flap surface to the sound received at a far-field
microphone was made by cross-correlating the processed
signals of microphones embedded in the flap surface with
the far-field microphone signals. In addition, detailed
fluid dynamic measurements were made in the flow field
of the jet-flap using dual-sensor hot-film anemometry
probes and compared with those made in the flow field of
the slot-nozzle jet without the flap. Profiles of the

Reynold's stress and the axial and transverse mean
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velocities and turbulence intensities were measured at
various axial positions.

The fluid dynamic investigation indicated that the
turbulence quantities which were measured in the primary
mixing region above the flap surface differed little from
those measured at the same axial position in the slot
nozzle jet without the flap. An exception was the Reynold's
stress profiles. The maximum values of the profiles in
the primary mixing region above the flap had relatively high
constant values, but the maximum values of the profiles for
the slot-nozzle jet increased almost linearly with axial
position until they reached approximately the same value
observed in the primary mixing region. The presence of
the flap extends the length of the potential core, since
along the length of the flap, turbulent mixing occurs
only above the flap surface.

Downstream of the flap trailing edge a secondary
mixing region is formed, where high values of mean shear
and turbulence intensity were found. The dynamics of
the turbulence in the secondary mixing region were found
to be different than those in the primary region. The
maxima of the Reynold's stress and axial and transverse
turbulence intensity profiles indicated that, whereas
the maximum values of the measured turbulence quantities

increased gradually or remained constant with axial
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position in the primary mixing region above the flap,
their maximum values in the secondary region increased
very rapidly over a relatively short axial distance to
peak values much larger than the corresponding peak
values in the primary region. After reaching their peak
value, the maxima of the profiles of the turbulence
quantities decayed very quickly, so that within a few
slot-nozzle heights downstream, the values in the second-
ary and primary regions were approximately equal.

The largest values of all the measured turbulence
quantities occurred in the secondary mixing region. That
of the axial turbulence intensity was measured about
6 slot-nozzle heights downstream of the flap trailing edge,
but the largest value of the transverse turbulence
intensity occurred about 4 slot-nozzle heights downstream
of the trailing edge. In contrast to the well-defined
peak values of the transverse and axial turbulence
intensities, the Reynold's stress had a plateau from
about 1 to 6 slot-nozzle heights downstream of the flap
trailing edge.

Measurements made in the primary mixing region aft
of the flap trailing edge showed that the turbulence
quantities there had relatively constant values to about
15 slot-heights downstream of the edge, after which a

well-defined decay is established. Measurements made
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with the single-sensor hot-film probes indicated that

the turbulence structure in both mixing regions was highly
anisotropic. It was also shown that the rms-value of

the time derivative of a fluctuating turbulence quantity
is proportional to the bandwidth of that quantity.

From the cross correlation experiments it was
concluded that whatever contribution the fluctuating
pressure on the flap surface makes to the sound received at
the two far-field microphones must come from a portion of
the flap surface very near the trailing edge. It was
estimated that 21 percent of the mean square value of
the acoustic pressure measured at the far-field microphone
at 45° above the flap surface might be radiated by the
last half inch of the flap surface. Similarly for the
far-field microphone at 45° below the flap surface, the
last half inch of the flap was estimated to radiate 30
percent of the mean square value of the sound which was
measured there.

In the flow field, the correlation analysis showed
that the acoustic sources in the secondary mixing region
were strongly directicnal, radiating much more effectively
to the -45°-microphone position than to the +45°-microphone.
The acoustic source strength in the secondary mixing
region had two relative maxima, one of which occurred

very near the flap trailing edge and the other of which
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occurred 3 slot-heights downstream of the flap trailing
edge. For the+45°-microphone the highest value of
acoustic source strength in the secondary region was
measured at the second relative maxima, 3 slot-heights
downstream of the flap trailing edge. But for the -45°
microphone the two maxima in the sec~udary region had
approximately the same value. The high values of the
acoustic source strength very near the flap trailing edge
occurred where the axial and transverse turbulence
intensities and Reynold's stress had relatively low values.
A rapid decrease in acoustic source strength occurred
with downstream displacement from the edge, at the same
place where the turbulence intensities and Reynold's stress
were rapidly rising. This decrease continued until about
one slot-height was reached, where the value of the
acoustic source strength increased rapidly to its relative
maximum 3 slot-heights downstream of the edge. It was
concluded that the high values of acoustic source

strength very near the flap trailing edge where low levels
of turbulence were measured resulted from the edge-
amplification effect predicted by the theoretical work of
Ffowcs Williams and Hall [15]. The acoustic source
strength maxima which occurred 3 slot-heights downstream
of the edge, was located 2 slot-heights ahead of the

position of peak axial turbulence intensity, but very
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near that of the peak transverse turbulence intensity
and at a point where a high level of correlation existed
between the axial and transverse flow fluctuations.

The acoustic source strength distribution measured in
the primary mixing region indicated that the presence of
the flap does not act as a shield against the noise which
is produced in the primary mixing region above its surface.
Furthermore, it appears that out to about 12 slot-heights
from the nozzle exit plane the acoustic sources in the
primary region contribute almost equally to the sound
received at both far-field microphones, however farther
downstream the sources in the primary region appear to
contribute more to the +45°-microphone.

High values of acoustic source strength for both
far-field microphones were measured along the flow center-
line. 1In fact, the highest value of acoustic source
strength which was measured for the +45°-microphone occurs
on the flow centerline, 2 slot-heights downstream of the
flap trailing edge. The centerline acoustic source
strength distribution which was measured for the -45°-
microphone had slightly larger values than that
measured for the +45°-microphone, and was seen to decay
slower with downstream distance. The existence of
strong acoustic sources on the flow centerline was also

found by Seiner [5] for the circular jet.
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Based upon the results of the present investigation,
it seems reasonable to conclude that a large portion of
the flyover noise which would be generated by an aircraft
equipped with a USB device will come from the secondary
mixing region. However, it may be possible to reduce the
noise emission from the secondary mixing region by
relatively easy modifications to the flap surface, since
it has been shown by Yee [19] that the noise which is
generated by the secondary mixing region is closely
related to the turbulence structure in the boundary layer
of the blown-surface. For example, using a jet-flap
configuration similar to the one tested in the present
inv¢ -~igation, Yee has shown that significant noise
reu...ions can be achieved by roughening of the flap
surface. The immediate effect of roughening is to
increase the thickness of the turbulent boundary layer
on the flap, which in turn reduces the value of mean
shear in the secondary mixing region. The lower values
of mean shear in the secondary region retard turbulence
production, and hence decrease the turbulence intensity
levels associated with high acoustic emission there.
Also, the possibility that the changes in the turbulence
structure of the boundary layer may reduce the edge

amplification effect should not be overlooked. The
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cross-correlation technique should be useful tool in
determining the effect of flow field modifications on

far-field sound generation.
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APPFNDIX A

USE OF A HOT-FILM PROBE
FOR THE MEASUREMENT OF Mx

A constant-temperature type hot-film probe consists of
a very small cylindrical filament of quartz fiber which has
been coated with an electrical conductor. The probe is
connected to a control-box which contains electronic circuitry.
The probe and control-box constitute the constant-temperature
anemometer. The filament is heated by an electric current,
and the electronic circuitry regulates the current so as
to keep the filament resistance, and hence the filament
temperature, at a constant selected value. When the probe
is inserted into a flow, the amount of thermal energy carried
away from the filament per unit time will equal the amount
of electrical power supplied to it. The relationship
between applied power and flow parameters can be found
through calibration with known flows.

For a general 3-dimensional, incompressible, shear
flow, Mojola [20] suggests a relationship as a modification
of King's law [211]:

1/n

P=A+B|V ¢ . (A-1)
where
P = jnstantaneous value of the power lost

by the probe filament,
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[v;ff| = the magnitude of an effective
cooling velocity vector at the

probe filament,

and A, B, and n are constants for a given probe and flow.
However, for subsonic compressible flows Norman [22] has
shown that the power loss from the filament is a function
of the specific momentum of the flow, so that Equation (A-1)

is rewritten as:

P=A+B |ﬁeff|1’°, (a-2)
where
|Meff| = plv;ff|.

Equation (A-2) can be written in terms of voltage outputs

from the anemometer, so that:

2 2 ﬁ l/n
E = Eo + b , effl ’ (A‘3)

where
E = the instantaneous value of the
anemometer output voltage,
E. = the value of the anemometer output
voltage when there is no flow over

the filament

b = a constant for a given flow and probe.
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The output voltage of anemometer, E, is a non-linear
function of the effective m 2ntum, as is evident from
Equation (A-3). A linear relationship between voltage
and effective momentum can be established using an

electronic linearizer. The linearizer uses analog circuitry

to compute the function

2 2 "
v =« (E2 - E, )

- K[[b lﬁeffl] lln] )

or
v, =8 || (a-4)
where,
k = a constant determined by the linearizer
circuitry

B = « bn, constant of proportionality determined

by a calibration experiment with a known flow.

Consider a hot-filw probe which is acted upon by an
instantaneous momentum vector,.ﬁ} as shown in the figure
below. Two orthogonal systems are shown, the fyZ-system
and the npZ-xyxtem. The npZ-system is attached to the
probe sensor filament, and is inclined 45° to the ¢ -axis.

The Z axis is normal to the plane of the paper.
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e

In the £yZ-System M is written as:
= N S >
M Mg eE +M¢e‘p Mzez ,
e, ew, e, = unit vectors in the £,y, Z
directions respectively.

Mg' M v’ MZ = the momentum components in

the £, ¢, Z directions respectively.

In terms of £-y -Z components, M is expressed in the

npZ-system as:

M = cos 45° [(F{g + mE) - (ﬁll’+ mw)] _én +
cos 45° [(mg +m) + (H+ mw)] 'ép
+ (M, +my) T, , (a-5)
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where,
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the mean value of Mg, MW' Hz,

respectively,

£ mw. mZ = the deviation of the instantaneous

components from their mean values.

Equation (A-5) is more compactly written as:

— S . N -
M = M e + Mpep + Mye, , (A-6)

where Mn and Mp. the momentum components normal and parallel

to the sensor axis respectively, avre given by:

Mn = cos 45° 5ﬁ€ + mg) - (MW + mw{ ,

= ° M 4+
Mp cos 45 fME + mg) (MW + mw%

Several incompressible-flow studies, including
Mojola [20] and Hinze [23], indicate that an effective
velocity vector can be expressed in terms of the
components of the actual velocity vector which are normal
and parallel to the sensor filament. It seems reasonable

to generalize this procedure in order to formulate an
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expression for the effective momentum vector in terms

of the p and n components; therefore,

M, = M2 +M e, +a M 2 (A-7)
eff n “n Mi €z T @ P ep’

where a is the direction-sensitivity constant which varies
between .1 and .3, depending on the aspect ratio of the
sensor filament and the filament material. The aspect
ratio of the DISA RO2 probe filament is 17.85, and it
congists of a nickel film deposited on a quartz fiber.
Siener { ] has used a similar probe with a length - diameter
ratio of 33, taking a = .23. Since a is expected to increase
with decreasing aspect ratios, a is estimated to be between
.23 and .3 for the R02 probe.

The magnitude of‘ﬁ;ff is given by:

M = /M2 + M, +m,)2 +
eff| n M, +my
2 2 M 171 2 Vz
a?cos? 45 [(ME + mg) + (MW + mw)] '
(A-8)

For slot-nozzle jet flows the following estimates can be

made: (taking ﬁg as mean value of the axial momentum flux)

i
by fy 2y Z oo,
M M F U OH
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and

= 0 (e?) ,

o [

where,

e << 1.

Using the above estimates Equation (A-8) can be expanded

and reduced to:

rﬁ;ffl =

12
1+ 2¢* + 62 + (a?) (1 + 11le? + 4¢)

Mn
(1 - 2¢%)

(A-9)

A reasonable estimate of € can be made using the value
of'ngr, which may be as high as .15 in the mixing regions
of tle jet-flap. Taking € = .15 and a = .25, Equation
(A-9) yields:

|ﬁ‘eff| v1.12M .

Therefore, this result indicates that if the assumption is
made that the linearized hot-film response voltage is
proportional to the momentum component normal to the sensor
filament, then an error of about 127 will be generated for

measurements in the highly turbulent regions of the jet.
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That is, the measurements will indicate that ﬁh and m_
are about 12% higher than their actual values, so that
the measurement of M.x for the cross-correlation analysis
will be correspondingly in error.

In order to correct the hot-film data which is used

in the cross-correlation analysis a correction factor is

introduced:
(CF)_ = assumed measured. quantity
P actual measured quantity
8 M M
B[Mge| L1221

All of the hot-film data taken for the cross-correlation
analysis will be multiplied by this factor. Of course

the correction factor is a function of turbulence intensity,
so that the use of (A-10) will over-compensate data taken
in relatively low-turbulence regions. However, the upper
limit of (CF)p is determined by the value of o . For

¢ = .25 and laminar flow the limiting value of (CF)p is
.97. And since most of the data taken for the correlation
analysis is at the points of maximum turbulence intensity

in the jet's mixing region, the estimate of Equation (A-10)

seems in order.
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APPENDIX B
PROBE NOISE

Although the hot-film probe and its holder are quite
small, their insertion into the flow caused considerable
noise generation (probe noise). There were two distinct
types of probe noise which were encountered during the
experiment. A loud acoustic tone of 5000 Hz was generated
when the probe holder was in the proximity of the flap
trailing edge. It was shown in Chapter V that the
fluctuating pressure above the flap surface has a periodic
component of the same frequency. The presence of the
probe holder near the trailing edge apparently creates
an acoustic-feedback loop, so that the sound produced
by the holder travels upstream and causes vortices to
be shed from the nozzle lip at the same frequency.
Evidence of this vortex structure is the presence of the
periodic waveform in the autocorrelation function of m,
measured at X;/h = 4 in the primary mixing region and
shown in Figure 49. The period of the waveform is 205
microseconds, which corresponds to a frequency of
approximately 5000 Hz. Compare this autocorrelation
function with Figure 45A in Chapter V, which is the
autocorrelation function of m, in the primary mixing

region when no tone is generated by the probe holder.

146



1.0

205 usec
——sf

Rm m (-T), arbitrary units

L yAN e P
N o N N 4‘&J/’ A

Figure 49.

1 1 -
255 510 765 1020 127

T 4 usec

Autocorrelation Function of m, at
Xllh = 4,

147



The presence of a large periodic component in both ﬁx
and p' also makes their cross-correlation functiun
periodic, without a well-defined peak value. Therefore,
the cross-correlation function bzcomes extremely
difficult to interpret under these conditions, and no
values of the acoustic source strength are computed for
Xllh =1, 2, 4, 6 for the -45°-microphone, and Xllh =

2, 4, 6 for the +45°-microphone.

The insertion of the probe and probe holder at
other points in the flow caused the generation of broad-
band noise. The intensity levels of probe noise which were
received at the +45° and -45°-microphones are displayed
in Figure 50. The dB-level for each scale is referenced
to the value of p'? wmeasured by the respective microphone
without the insertion of the probe in the flow. It
was determined that the interaction of the flow field
with the long stem of the probe holder (see Figure 14
in Chapter 1II) was responsible for this broadband
noise generation.

In order to ascertain the effect of these high
levels of extraneous noise on the measured cross-ccrrelation
functions, some experiments were performed at the U.T.S.I.
aeroacoustics laboratory. 1In one experiment random
noise generators and loud speakers were used to simulate

the noise produced at a point in the flow and the noise
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Figure 50. Probe Noise Intensity Levels.
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generated by the stem of the probe holder. Figure 51

is a schematic of the test set-up. Each channel has its
own random noise generator, power amplifier, and loud-
speaker. The sound generated by the loudspeaker in

Channel 1 simulates the noise which is radiated from a
point in the flow. The voltage which drives the speaker

1§ analogous to the anemometer output voltage. The sound
generated by the loudspeaker in Channel 2 simulates the
noise produced by the stem of the probe holder. A micro-
phone is placed in the acoustic far-field of the speakers,
and a cross-correlation betwean the voltage input to speaker
#1 and the sound received at the far-field microphone is per-
formed, with no extraneous noise Leing generated by

Channel 2. Cross correlation of the input voltage of
speaker #1 and the output of the far-field microphone is
then conducted while extraneous noise is produced by
Channel 2. Even when the SPL of the noise produced by
Channel 2 was 12 dB higher than the noise produced by
Channel 1, there was no change in the shape or magnitude of
the cross-correlation function. Therefore, it is concluded
that if the turbulence measured by the hot-film probe and
the noise produced at the probe holder stem is random and
independent (uncorrelatc :», there will be 10 effect on

the cross-correlation .uunztion of the hot-film and

far-field microphone signals.
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Figure 51. Test Schematic.
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The noise produced at the probe holder stem is
caused by the interaction of the surface with the local
turbulent flow field. Therefore, if the turbulence at
the hot-film probe position is uncorrelated with the
turbulence at the probe holder stem, then the cross-
correlation function should not be affected by the probe
noise. In order to determine this, knowledge is required
about the length a typical turbulent eddy travels before
it loses its identity through interaction with other
eddies in the flow. A relevant measurement to determine
this length is the longitudinal space-time correlation of
the turbulent flow fluctuations. This is accomplished
by cross-correlating the signals of two hot-film probes,
one of which is fixed at a point in the flow, and the
other of which is displaced axially behind the stationary
probe. This measurement has been carried out in the
mixing region of low-speed round jets by several
investigators (cf. Seiner [5]). They have shown that
as the displacement between the probes increases, the
peak of the cross-correlation function occurs at latter
values of 1, and the amplitude of the peak decreases.

For a 2-inch diameter circular jet with an exit Mach
number of .3, Seiner found that with the hot-film probe
displacement equal to 1.4 jet-diameters the peak value

of the cross-correlation function was about 1/4 the value
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of its maximum peak when the two probes are coincident.
Therefore, it seems that the eddy lifetime is very brief.
Recall that the probe holder stem is approximately

8 slot-nozzle heights downstream of the probe sensor
element. Figure 52 shows the space-time correlation
curves measured in the mixing region of the circular

je* by Seiner.

Unfortunately, there seems to be no space-time
correlation data available for slot nozzle jets similar
to the one under investigation, so an attempt was made
to measure the effect of probe noise on the measured
cross-correlation functions in a more direct fashion at
the U.T.S.1. aeroacoustics laboratory.

It was decided that a comparison between the
cross-correlation functions of a hot-film signal and a
far-field microphone signal measured with and without
extraneous noise would be useful. However, since the
analog differentiators were not available at T.S.I.;
Rp'ﬁx(-To) could not be measured directly. But it can be

shown (see Lee and Riber [4]) or Seiner [5]) that

Rp.ﬁx (-To) u‘/. fosp'm (-1) d fo

X
(o] T=T
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Figure 52. Space-time Correlation Curves for a
Circular Jet (2-Inch Diameter; Exit
Mach Number = .3).

Source: Seiner, J. M. "The Distribution of Jet
Source Strength Intensity by Means of a Direct Correlation

Technique," Ph.D. Dissertation, The Pennsylvania State
University, 1974.
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where
f = the center frequency of an analog
bandpass filter whose bandwidth is
proportional to fo.

S (-1) = the function obtained by cross

p'm
correlating the outputs of two identical
bandpass filters, with center frequency
fo' which have as their inputs p' and

ﬁx, respectively.

Therefore, a number of cross-correlation functions were
measured for the signals of m and p', filtered at
various center frequencies by B & K 1/3-octave filter sets.
A hot-film probe was carefully inserted into the
shear layer of the slot-nozzle jet under investigation.
The probe was placed 3 slot nozzle-heights downstream of
the nozzle exit-plane, in such a way that only the sensor
filament was immersed in the flow. Acoustic measurements
were taken before and after inserting the probe by a
far-field microphone which was 4 feet from the probe, and
no measurable noise was produced by the presence of the
probe in tne flow. The filtered hot-film and microphone
signal was then cross-correlated for various center
frequencies. Then a 1/16" - diameter aluminum rod was
placed 2.4 inches downstream of the probe in order to

simulate the probe holder stem. The insertion of the rod
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increased the SPL 8 dB at the far-field microphone.

The cross-correlation functions of the filtered hot-film
probe and microphone signals were again measured.

Figure 53 shows the cross-correlation function of m,  and
p' filtered at 6300 Hz with and without the exu "aneous
noise generated by the rod. The vertical scale on

both graphs are the same, so a direct comparison of the
amplitudes is possible. The peak value of the cross-
correlation function with the simulated probe noise has
a lower value than that for the uncontaminated function.
However, generally the reverse was true. In any event, the
difference in the peak values of the contaminated and
uncontaminated cross-correlation functions generally

fell within range of repeatability that it was possible
to achieve when cross-correlating the same signal
successively.

Figure 54A shows the peak values of the cross-
correlation functions of m and p' filtered by the 1/3-
octave filters. It was not possible to obtain cross
correlations for the higher center frequencies. This may
be because the test room was not anechoic and the
reflection of the high frequency sound in the room made
the resolution of a well-defined peak impossible. Recall
that it is the area under the two curves that is

proportional to Rp'ﬁx (-ro). Another test was conducted
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A. With Probe Noise
Contamination

(-1), arbitrary units

4 F B. Without Probe Noise
Contamination

Sp.mx (-1), arbitrary units

Figure 53. Effect of Probe Noise on the Value of

Sp.mx (-To) Measured for f°= 6300 Hz.
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with the probe in the mixing region 10 slot-nozzle
heights from the nozzle exit planme. In this test the in-
sertion of the rod increased the SPL only by about 1 dB
over the SPL generated by the flow. The results

were similar to the first test and are shown in Figure 54B.
Based on this data it seems reasonable to conclude that
the noise which is generated at the probe-holder stem
is not correlated with the turbulent flow fluctuations

8 slot-nozzle heights upstream.
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